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To date the incidence of cancer in Canada has not been studied extensively. 
Watson (1950) has shown that, for the province of Saskatchewan with a population 
of 854,000 the total incidence of cancer was 203 per 100,000 population. MacKay 
and Sellers (1953) have reported a study conducted in Middlesex County, popula- 
tion 170,000 in the province of Ontario and have shown a total cancer incidence 
of 270 per 100,000. Since more than one half of the population of Middlesex 
County resides in the city of London, this incidence rate is probably higher than 
that for the province of Ontario. 

In the United States, Macdonald (1948) has reported a cancer incidence of 
208 per 100,000 for the population of the state of Connecticut. Dorn (1944) 
studied ten areas of the United States and found a cancer incidence of 230 per 
100,000. In a later study (Dorn and Cutler, 1954) the same author reports an 
incidence of 320 per 100,000 and estimates that this rate is probably ten to fifteen 
per cent higher than the corresponding rate for the entire United States. This 
adjustment would result in a rate of 270 per 100,000 for the United States. 

As well as cancer incidence studies in segments of populations an interest 
has arisen in the relative incidence of the disease in racial or ethnic groups. In 
Canada, Warwick and Phillips (1954) have studied the cancer incidence in Canadian 
Indians and have shown that the total incidence rate is lower than for the white 
population as reported by Watson and MacKay and Sellers. Studies among 
Eskimos, population 9700, have not been undertaken for numerous reasons but, 
whereas it had been stated that cancer was not found in the Eskimo, it has been 
reported recently that the disease does occur and eight cases were diagnosed in 
the years 1955 and 1956 (Indian and Northern Health Services Department of 
National Health and Welfare, Ottawa ; personal communication). 

To continue this interest in cancer among racial or ethnic groups the National 
Cancer Institute of Canada, in collaboration with Dr. C. Auger, Professor of Path- 
ology, Laval University, Quebec, sponsored a two-year study in a sample of the 
French Canadian population of Canada. 

Approximately thirty per cent of Canada’s population is French Canadian 
and is to be found mostly in the province of Quebec. However, intermingling 
of English and French speaking Canadians occurs to varying degrees in this 
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province hence it seemed desirable to select a segment of the French Canadian 
population where the English speaking portion was minimal. Such a group is to 
be found in Quebec City* the capital of the province, where 94 per cent of the 
population is of French origin. 

This study began on June 1, 1954 and terminated on May 31, 1956. All cancer 
cases were gathered from the hospitals and cancer treatment clinics in the greater 
Quebec area and all patients residing outside the actual boundaries of Quebec 
City were then excluded. The pathological diagnosis for all cases for whom a 
biopsy or surgical specimen was available was established by Dr. Auger. 

During the study period, 729 cases of cancer were diagnosed of which 321 
were male and 408 were female. This gives a total cancer incidence for both 
sexes of 214 per 100,000 population. In 87-7 per cent of the cases there was 
histopathological evidence of malignancy, in 6-0 per cent of cases the diagnosis 
was based upon radiological evidence and in 6-2 per cent of cases the diagnosis 
was clinical. The figure of 87-7 per cent of cases pathologically proved compares 
favourably with the series of Watson (78 per cent) MacKay and Sellers (82 per 
cent) and Dorn (75 per cent). 

The analysis of the various sites of the disease is shown in Table I. It is to be 
noted that cancers of the stomach, colon, breast, cervix, prostate and skin consti- 
tute over fifty per cent of the total. 


TaBLE I.—Distribution of Cases by Site 


Number of cases Per cent 
A 





cr — Per cent of microscopically 
Site Male Female Total all sites proved 
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* 1956 census population of Quebec City, 170,703 persons with 79,899 males and 90,804 females. 
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There were five cases of multiple cancers in the 729 cases. The following sites 
were involved : 
Case 1—Pharynx and stomach. 
2—Oecsophagus, stomach, colon and rectum. 
3—Stomach and prostate. 
4—Colon and prostate. 
5—Breast and uterus. 
The age specific cancer incidence rates were calculated from the age structure 
of the sample population as given in the 1956 Canadian census. These are shown 
for all sites in Table II and indicate a constant rise with age. 


TaBLeE II.—Age Specific Incidence Rates per 100,000 Population 
for Cancer of all Sites 


Age groups 


‘25 «25-34 85-44 45-54 55-64 = 65-69 = 70 plus 
Incidence rates . 16-5 33-3 168-7 394-6 647-0 1214-7 1463-8 





It has been mentioned that over half of the cases in the study were cancers 
of the stomach, colon, breast, cervix, prostate and skin. However, in order to 
assess the importance of this it is necessary to compare the incidence rates for these 
sites with those from another cancer incidence study not concerned with French 
Canadians. This has been done in Table III using for comparison the incidence 
rates reported by Watson (1950) for the population of Saskatchewan. It will 
be noted that significant variations occur between the two groups. 


TaBLE III.—Comparison of Incidence Rates per 100,000 for 
Certain Sites of Cancer 
French Canadians Saskatchewan 








yy 

Sites Male Female Total Male Female 
Stomach , : 23-8 14-3 18-8 ‘ 32-0 12-7 
Colon . ‘ : 16-2 25-3 21-1 5 10-2 10-2 
Breast ‘ : — 58-9 — ‘ --- 34-4 
Cervix . . — 23-6 ; — 11-5 

(Uterus) . ’ — 16-0 : — 11-0 
Prostate 2 , 26-3 24-1 

, 19-4 


Skin 16-5 17-8 . 53-2 38-4 


The age specific incidence rates have been calculated for the six sites which 
provided over one half of the cases in this study. These are shown in Table IV. 


TaBLE IV.—Age Specific Incidence Rates for Cancers of Certain Sites 
Age groups 

Sites 45-54 55-64 65-69 70 plus 
Stomach .. . . 34-2 67-0 = 162-0 100-2 
Colon ‘aa . . . 21-1 90-8 115-7 161-8 
Breast .  . : 63-2 67-1 =—-:138-8 ~—:177-2 
Cervix .. . . 39-4 43-4 11-6 7:7 
Prostate .  . . . 5-3 43-4 :127-2 138-7 
ke. yan 5s : ; . 26-3 55-35-7154 
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The authors are certain that more cases of cancer occurred in the sample 
population than are reported here. In addition there may have been some who 
died of cancer during the time the study was in progress but who had not been 
diagnosed previously as having cancer. However, it is estimated that the number 
reported here is not more than 5 per cent low. 


CONCLUSIONS 


This study of cancer in a sample of the French Canadian population of Canada 
shows a cancer incidence of 214 cases per 100,000 population. This compares 
with 203 reported by Watson (1950) for the province of Saskatchewan. In certain 
sites of the disease, however, these two populations differ widely. The incidence 
of breast and cervical cancer in women and cancer of the colon in both sexes is 
approximately twice as great among French Canadians while the incidence of 
cancer of the skin is only one third of that reported for Saskatchewan. 


The authors wish to acknowledge the assistance of Dr. P. Parrot, Demographer, 
Provincial Department of Health for Quebec, in selecting the population sample 
to be studied. 
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It is well known that in all forms of cancer treated by radical surgery the 
patient’s prognosis depends very much on the extent of local and lymphatic 
spread and on the likelihood of venous dissemination. To proceed further than 
this and to attempt to define the relative importance of each of these three methods 
of spread is only possible when a large series of carefully documented cases has 
been kept under observation for several years by a really efficient follow-up. 
This information is now available with regard to cases of rectal cancer treated 
by radical surgery at St. Mark’s Hospital and the purpose of this paper is to 
record the degree to which the prognosis is influenced by the extent of local, 
lymphatic and venous spread. 

St. Mark’s Hospital is a special hospital for diseases of the colon and rectum, 
and since 1924 a research into the pathology and treatment of rectal cancer has 
been continued in the pathology department with the help of a grant from the 
British Empire Cancer Campaign. Some preliminary reports have already been 
published but the present analysis is the first comprehensive summary of this 
long-term research project and covers the 25 years 1928-52. 

During these 25 years a total of 3596 rectal cancer patients were admitted to 
hospital or seen in the Out-patient Department. Of these, 2447 were treated 
by a surgical operation which removed the primary tumour. Every possible 
endeavour has been made to keep in touch with operation survivors, and only 
28 have not been traced. These have been assumed to be dead, but since they 
constitute only 1-1 per cent of all cases they exert no appreciable effect on the 
statistics. 

The crude 5-year survival rate of all patients treated by surgical removal of 
the primary tumour was 48-3 per cent. It might be assumed that this figure 
would provide a basic standard by which to measure the effect of various forms 
of spread subsequently to be considered, but crude survival rates are not alto- 
gether satisfactory for such a purpose because of variation in the age and sex 
composition of the groups of patients to be compared. When comparing groups 
of patients of dissimilar age and sex, it is more accurate to use “age and sex 
corrected ”’ 5-year survival rates. This point will be appreciated when we recall 
that the crude 5-year survival rate simply records the percentage of individuals 
still living after 5 years and makes no distinction between deaths which have been 
due to cancer and deaths due to intercurrent diseases, the incidence of which is 
a function of both age and sex. 

There is more than one statistical device for producing a corrected survival 
rate and the one adopted here was recommended by Dr. Percy Stocks and has 
already been described (Dukes, 1957). The effect of this correction on our figures 
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has been generally to increase the crude survival rate by about one-fifth of its 
original value. Thus as already stated, the crude 5-year survival rate of all 
patients treated by surgical removal of the primary tumour was 48-3 per cent. 
The corrected 5-year survival rate was found to be 57-4 per cent and it is this 
figure which will be used for all the comparisons subsequently to be reported. 

It should be noted that all survival rates presented in this paper are based 
on the total operation survivors within the specific group analysed, no distinction 
being made between those cases in which the growth was incompletely removed 
(palliative operations) and those where a cure could be hoped for (radical opera- 
tions). 

Further, it may be stated at this point that any apparent inconsistency in 
the total numbers in the tables is due to the exclusion, where necessary, of cases 
dying from the operation, of those with multiple intestinal malignancies, and of 
those where there was insufficient information for classification. Multiple intesti- 
nal cancer cases, which constitute about 5 per cent of the total, present special 
difficulties in regard to recording and interpretation and for this reason are being 
investigated as a separate group by one of us (H. J. R. B.). 


Methods Used for Examination of Operation Specimens 


The examination of an operation specimen of rectal cancer provides the 
pathologist with an opportunity of making observations on the histology of the 
tumour ; the extent of local spread by direct continuity ; the presence, position 
and number of lymphatic metastases, and the evidence of spread within the 
lumen of veins. The prognostic significance of these will be considered in turn, 
but we must first point out that subsequent pathological investigations are made 
much easier if care is taken in the initial treatment of the operation specimen. 

The plan adopted for the examination of operation specimens of rectal cancer 
and the dissection of the lymph nodes and blood vessels has already been described 
(Dukes, 1932; Gabriel, Dukes and Bussey, 1935; and Dukes, 1944), and may 
be briefly recapitulated as follows : 

Immediately after removal, the specimen is sent to the Pathological Labora- 
tory, where it is cut open along its anterior (anti-mesenteric) border, sewn on to 
a perforated metal frame and fixed in 10 per cent formalin solution for at least 
48 hours. The fixed specimen is then photographed and dissected. The dis- 
section begins at the point of division of the vascular pedicle and is directed at 
exposing the superior haemorrhoidal vessels and their branches until they dis- 
appear through the muscle coat into the submucosa. During this process most 
of the accompanying lymph nodes are discovered, the remainder being usually 
palpable in the thin wedges of fatty tissue left between the vessels. At the same 
time any growth extending along the veins is detected. 

A natural-sized tracing of the specimen and its salient anatomical features is 
easily made by means of carbon paper placed beneath oiled silk. The lymph 
nodes are plotted on to this map in a numbered sequence and then taken for 
section, which is facilitated by pinning 15 or 20 nodes to a wooden block, the 
pins being removed after the block has been embedded in wax. After micro- 
scopical confirmation, the position of lymphatic metastases and any venous 
invasion are noted on the map, as is also the presence of local spread which is 
determined by a transverse cut through the centre of the tumour. 
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Histological Grading 


In this paper we do not intend to discuss details of histological classification 
but only to say that it has been our practice to subdivide rectal carcinomas into 
three histological subgroups, designated as “low”, “‘average”’ and “high” 
grades of malignancy—these distinctions being based on cellular arrangement and 
differentiation (Fig. 1, 2 and 3). There are, of course, no sharply defined boun- 
daries to the grades and grading is an artificial division into three arbitrary groups. 
For this reason some difficulty may be expected in the placing of tumours which 
appear to be intermediate in character but in spite of these objections grading 
has proved to be a useful method of subdividing rectal cancers and of considerable 
value in relation to prognosis. 

The dependence of prognosis on histology is shown by the fact that the 
corrected 5-year survival rate of all patients reported as having low grade car- 
cinomas was 77-3 per cent, for those of average grade 60-6 per cent and for high 
grade malignancy tumours 28-9 per cent (Table [). 


TaBLE I.—Relation of Grade of Malignancy to 5-year Survival 
After Surgical Treatment 


All cases 
Corrected 5-year 
Number of survival rate 
cases (%) 
Low grade . . 407 . 77°3 
Average grade ‘ 1266 , 60-6 
High grade. ‘ 424 ‘ 28-9 


In passing it may be noted that there are significant differences in the average 
age of groups of patients whose tumours were classed as low, average and high 
grade of malignancy, the average age of men with low grade malignancy tumours 
being 4-9 years higher than for those with high malignancy growths (Table II). 


TaBLE II.—Average Age in Years of Patients Graded on 
Basis of Histology 
Males Females 
Low grade malignancy. ‘ 61-9+0-6 , 61-3+0-9 
Average grade malignancy . 60-5+0-3 
High grade malignancy . , 57-0+0-7 
Difference between low and average (males) 

” *” average and high (males) 

” ” low and average (females) = 

am - average and high (females) = 


In women the differences were even greater, the average age of those patients with 
low grade malignancy tumours being as much as 7-5 years higher than the average 
for those with high malignancy. 


Local Spread 


We use the term “local spread ” to describe spread by direct continuity from 
the original point or points of origin of a malignant growth. Local spread may 
vary greatly in extent. It may be classified as (1) confined to the bowel wall 
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(no extra-rectal spread); (2) commencing to invade the extra-rectal tissues 
(slight local spread) ; (3) well established in the mesentery (moderate spread) or 
(4) deeply invasive, possibly into neighbouring organs (extensive spread). 


TaBLE III.—Relationship of Grade of Malignancy to Extent of 
Local Spread 
No extra-rectal Slight Moderate Extensive 

spread spread spread spread 

(%) (%) (%) (%) 

Low grade. ‘ 37-1 ' 21-1 , 18-7 ‘ 14-5 
Average grade , 58-3 , 68-2 ‘ 65-9 ‘ 52-9 
High grade. 4-6 ‘ 10-7 ; 15-4 ; 32-6 


As might be expected the degree of local spread is closely related to the degree 
of histological differentiation of the primary tumour, a relationship demonstrated 
in Table III which records the percentage of low, average and high grades of 
malignancy associated with no extra-rectal spread and in those in which local 
spread was slight, moderate or extensive. For example, growths of a high 
grade of malignancy constituted only 4-6 per cent of tumours without extra- 
rectal spread, whereas high grade malignancies were found to the extent of 32-6 
per cent in tumours with extensive extra-rectal spread. 


TaBLE IV.—Relationship Between Local Spread and 5-year Survival Rates 
After Surgical Treatment 


Cases without lymphatic metastases 


Corrected 5-year 
Number of survival rate 
cases (%) 
Slight extra-rectal spread . , 266 ‘ 89-7 
Moderate extra-rectal spread ° 109 ‘ 80-0 
Extensive extra-rectal spread 148 F 57-0 


To assess the prognostic significance of local spread we have confined the 
analysis to cases in which no lymphatic metastases were found when the operation 
specimen was dissected, and in Table IV we give the survival rates for three 
subdivisions of local spread in a consecutive series of 523 operation survivors 
without lymphatic metastases. Increasing local spread also increases the liability 
to dissemination of cancer cells by lymphatic and venous channels and evidence 
for this will be provided later. It may be mentioned here that the 5-year survival 
rate falls to less than 10 per cent when the local spread involves the peritoneum. 
This is not unexpected as this form of spread is found to occur most commonly 
in cases of high grade malignancy with extensive lymphatic metastases. 

The effect on prognosis of histology and of extent of spread has been con- 
sidered separately in Tables I and IV. Their effect in combination is set out in 
Table V from which it may be inferred that in each subdivision of histological 
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Fic. 2.—Rectal carcinoma. Average grade malignancy. x 140. 
Fic. 3.—Rectal carcinoma. High grade malignancy. x 140. 
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TaBLE V.—Relation of Grade of Malignancy and Extent of Spread to 
5-year Survival After Surgical Treatment 
Nil spread Slight spread Moderate spread Extensive spread 








' an => _ ~ c —_—_— 

Number 5- -year Number 5-year Number 5-year Number 5-year 

of survival of survival of survival of survival 
Grade cases (%) cases (%) cases (%) cases (%) 
Low , ; 102 100-0_—i. 101 83-5. 48 oe . 89 48-0 
Average . : 159 97-6 . $321 wt ae 176 60-2... 301 28-4 
High . . 13 62-3 . 50 43-5 . 38 42-4 . 181 16-0 


grade the survival rate decreases with increased local spread. Moreover, apart 
from a minor exception in the moderate group, each degree of local spread shows 
a lessening of survival with increasing malignancy of the tumour. That this 
close connection should exist is not surprising when it is remembered that histo- 
logical grading is little more than an attempt to assess microscopically the invasive 
character of a tumour. 

Before passing on to consider lymphatic and venous spread we draw attention 
to the fact that the estimation of the extent of local spread is a relatively simple 
procedure and quickly provides valuable information with respect to prognosis. 


Lymphatic Spread 


In investigating the general effect on prognosis of lymphatic metastases we 
have calculated the survival rates of men and women separately because there 
are slight differences in the incidence of lymphatic spread in the two sexes. The 
corrected 5-year survival rate for men without lymphatic metastases (A and B 
cases) was 82-5 per cent and this was reduced to 31-1 per cent for those with lymph- 
atic metastases (C cases). The corresponding figures for women were: for 
those without metastases 86-2 per cent and for those with metastases 33-1 per 
cent (Table VI). 


TABLE VI.—5-year Survival Rates of Cases With and Without 
Lymphatic Metastases 
Corrected 5-year 
Number of survival rate 
cases (%) 
Men— 
Without metastases (A and B cases) . | 683 ‘ 82-5 
With metastases (C cases) . 4 : 641 ’ 31-1 


Women— 
Without metastases (A and B cases) . 317 ‘ 86- 
With metastases (C cases) . . : 396 i 33- 


Both sexes— 
Without metastases (A and B oe ‘ 1000 . 83-7 
With metastases (C cases) . . 1037 ‘ 32-0 


The dividing of all cases into two groups in this way according to whether or 
not lymphatic metastases have been found tends to exaggerate the prognostic 
significance of lymphatic spread and to disguise the fact that if lymphatic spread 
is still at an early stage the prognosis may still be relatively good. This becomes 
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clear when cases with metastases are further subdivided on the basis of the position 
and number of the metastases. 

To illustrate the importance of the position of metastases, all “‘ C ’’ cases were 
further subdivided into two groups. If only the regional lymph nodes contained 
metastases the case was classified as ‘‘C.1”’, whereas if there was more extensive 
lymphatic spread involving the nodes at the point of ligature of the blood vessels 
the case was described as “‘C.2” (Fig. 4). A comparison of the survival rates 


Cl C2 
Fic. 4.—Subdivision of cases with lymphatic metastases into C.1 and C.2. 


TaBLE VII.—Comparison of Survival Rates of C.1 and C.2 Cases 


Corrected 5-year 
Number of survival rate 
cases 


C.1 cases . . ‘ 680 
C.2 cases . . P 282 
Unclassified ‘ ‘ 75 


Total . ‘ 1037 


of these two groups is recorded in Table VII, from which it will be seen that the 
corrected 5-year survival rate for C.1 patients was 40-9 per cent but only 13-6 
per cent for the C.2 patients. Also it may be pointed out that the number of 
C.1 cases was more than twice as great as the C.2, which in itself suggests that 
upward spread along the haemorrhoidal chain of lymph nodes is normally a slow 
process. 

To investigate the significance of the number of metastases, cases with lymph- 
atic spread have been further subdivided into convenient groups as follows—one 
metastasis only, 2-5 metastases, 6-9 metastases, and 10 or more metastases. 
The analysis of these subgroups is recorded in Table VIII from which it will be 
seen that the corrected 5-year survival rate of those patients in whom only one 
metastasis was found was 63-6 per cent but after this prognosis worsened with 
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TaBLE VIII.—IJnfluence of Number of Lymphatic Metastases on Survival 
After Surgical Treatment 


Number of Corrected 5-year 
lymphatic Number of survival rate 
metastases cases (%) 
1 , 125 : 63-6 
2-5 ‘ 249 ; 36-1 
6-10 . 138 ; 21-9 
More than 10 . 52 ‘ 2-1 


increase in number of metastases. The corrected 5-year survival rate for patients 
with more than 10 metastases was only 2-1 per cent. 

Although so far we have been presenting the effect of lymphatic spread as 
though it were a single factor in prognosis, it is of course closely related to the 
histology of the primary tumour and also the extent of local spread. The relation 
to histology can be simply expressed by saying that there is a progressive increase 
in the percentage of cases with lymphatic metastases in passing from “ low ”’ to 
‘average ’’ and on to “ high ” grade malignancy (Table IX). 


TaBLE 1X.—Relation of Histological Grade of Malignancy to Incidence 
of Lymphatic Metastases 


Number of Number with Percentage with 
cases metastases metastases 


Low grade. ; 407 ; 122 , 30-0 
Average grade ‘ 1351 , 636 , 47-1 
High grade . ‘ 480 . 390 : 81-3 


Total . ° 2238 ; 1148 ° 51-3 


Another way of demonstrating the relationship between the degree of histo- 
logical differentiation of the primary tumour and the tendency to lymphatic 
metastases is by recording the average number of lymphatic metastases found in 
association with tumours of “ low ’’, “ average ” or “ high ” grades of malignancy. 
This information is set out in Table X. We draw attention to the fact that the 
average number of metastases found in low grade carcinomas was only 3-2 whereas 


it was 6-8 in growths of a high grade of malignancy. 


TaBLE X.—Relation of Number of Lymphatic Metastases to 
Histological Grade 
Average number of 
Number of lymphatic metastases 
Grades cases per case 
Low grade. ‘ 117 : 3-2 


Average grade ; 582 
High grade . ‘ 344 


Total . , 1043 


Table XI records the relation between local spread and lymphatic metastases. 
The important point here is that when there was no extra-rectal spread lymphatic 
metastases were present in only 14-2 per cent but with increasing degrees of local 
spread the proportion of cases with lymphatic metastases rose to 74-6 per cent. 





C. E. DUKES AND H. J. R. BUSSEY 


TaBLE XI.—Relation of Extent of Local Spread to 
Lymphatic Metastases 
Extent of Number of Number with 


local spread cases metastases 


None. ‘ 7 302 ‘ 43 
Slight . ‘ ‘ 516 J 223 
Moderate ; ' 273 : 155 
Extensive ‘ ; 641 ‘ 478 


Total . ° 1732 ° 899 


Spread Within Veins 


When operation specimens of rectal cancer are dissected for lymphatic spread, 
evidence may also be found of extension within the haemorrhoidal veins. This 
usually assumes the form of a solid cord of malignant growth extending a short 
distance only, still preserving continuity with the primary tumour as if it were 
no more than a special form of direct local extension. It often appears as if the 
malignant tumour, having found a path of least resistance, has pushed a root-like 
process along the lumen of a vein. This is much the commonest manifestation 
of venous spread, but occasionally a more massive permeation of the veins accom- 
panied by obvious thrombosis may be found. Veins may also be secondarily 
invaded from neighbouring lymphatic metastases, but evidence of this is very 
rarely seen. 

Any visible fixed growth within the lumen of veins has been included under 
the term ‘“‘ venous spread”. It is scarcely necessary to point out that loose 
emboli of cancer cells which might previously have passed along the veins would 
not be detectable by dissection of operation specimens. Only malignant growth 
fixed within the lumen of the veins would be detectable by the methods we have 
employed. 

A special search for evidence of this type of spread within veins was made in 
1795 consecutive operation specimens and some form of intravascular extension 
was found in 198, an incidence of 11-0 per cent. The incidence varied with the 
histological grade of the primary tumour, being found in-only 4-9 per cent of 
growths of a low grade of malignancy, 9-7 per cent of average grade, but in 22-9 
per cent of tumours classified as of a high grade of malignancy (Table XII). 


TaBLE XII.—Relation of Venous Spread to Histological Grade of 
Primary Tumour 


Grade of Number of Number with 
adenocarcinoma cases venous spread % 
Low grade . ‘ 388 ‘ 19 ° 4 
Average grade ° 1084 . 105 ‘ 9 
High grade . > 323 , 74 ; 22 
Unclassified . ‘ 5 . — 


Total ‘ 1800 ‘ 198 ‘ 1-0 


Venous spread was found to be directly related to local spread also, varying from 
1 per cent in cases without extra-rectal spread to 19-3 per cent in those in which 
local spread was classed as “extensive” (Table XIII). The relationship to 
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TaBLE XIII.—Relation of Venous Spread to Local Spread of Primary Tumour 
Number of Nuraber with 
Extent of local spread cases venous spread % 


No extra-rectal spread ; ‘ 302 ‘ 3 

Slight extra-rectal spread ‘ 516 . 32 ‘ : 
Moderate extra-rectal spread ; 273 ; 38 : 13- 
Extensive extra-rectal spread. 641 ‘ 124 19- 


lymphatic spread may be stated simply by saying that venous spread was more 
than twice as common in cases with lymphatic metastases (C cases) as in those 
without (A and B cases) (Table XIV). 


TaBLE XIV.—Incidence of Venous Spread in A, B and C Cases 
Number of Number with 
Classification cases venous spread % 
259 : 2 : 0- 
574 50 . 8 
899 . 145 ‘ 16- 
68 ° 1 


1800 ° 198 ‘ 11-0 


The presence of a solid plug of carcinoma cells within the veins of an operation 
specimen would seem at first to be of very sinister significance, but it has not 
proved to be as bad as might be expected. The follow-up on the 197 cases in 
which venous spread of the character described was found has shown a 5-year 
survival rate of 35-4 per cent. One hundred and forty-five of the cases with 


venous spread had also lymphatic metastases and the survival rate for these was 
25-9 per cent. Fifty-two of the cases with venous spread had no lymphatic 
metastases and the 5-year survival rate for these was 64 per cent. 

At present the numbers are scarcely large enough for more detailed statistical 
analysis but so far it would seem that the discovery within veins of growth of the 
character described does little more than worsen the prognosis slightly. 


DISCUSSION 


We have attempted to assess the significance of different features in the patho- 
logy of rectal cancer by comparison of 5-year survival rates, and the first point 
which should be discussed is the validity of this method of assessment. Our 
opinion of 5-year survival rates is that they are grotesquely unreliable standards 
by which to estimate the total achievements of surgery, but they do at least 
provide a basis for comparisons, if corrections can be made for age and sex dis- 
similarities in the groups which are being compared. 

The chief reason why the 5-year survival rate is such an unsatisfactory “ yard- 
stick” by which to measure the number of “ lives saved by surgery ”’ is because 
it simply records the number of patients still living five years after operation. 
Included amongst these surgical survivors are some who might have lived five 
years if they had received no surgical treatment (patients with very slow growing 
tumours), and also an unknown number who have survived five years with known 
recurrences and others who may subsequently succumb from reawakening of 
dormant metastases. Undoubtedly the majority of 5-year survivors owe their 
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lives to surgery, but the inclusion of both the other two fractions amongst 5-year 
operation survivors after a rectal cancer operation tends to exaggerate the benefits 
derived from surgery. On the other hand 5-year survival rates fail to do full 
justice to surgery because they do not take into account the improvement in 
general health which almost invariably results from removal of a malignant 
growth within the rectum. For these reasons the full benefit of surgical treatment 
can never be measured by the arithmetic of statistics, and certainly not by 5-year 
survival rates. These criticisms of measurement by 5-year survival rates apply 
to a lesser degree when they are used for comparison only, either of different 
pathological states or of different forms of surgical treatment, and it is chiefly 
for purpose of comparison that they have been used in this paper. 

Before proceeding further we must also point out that almost all the data 
we have collected with regard to prognosis has been based on the examination 
of operation specimens and is applicable therefore only to surgically treated 
patients. The only contribution the pathologist can make before operation is 
by the microscopic examination of a biopsy fragment and by grading the tumour 
if it proves to be malignant. This does not help much if the tumour is reported 
as being of an average grade of malignancy, but it has a definite value in the other 
two grades because if the tumour is well differentiated it is probably slow growing, 
whereas if it is undifferentiated it is more likely to have given rise to lymphatic 
metastases. At the time of operation the surgeon may be able to estimate the 
extent of local spread and base prognosis on this, but our observations have con- 
vinced us that the estimates of surgeons at the time of operation tend to err in 
supposing that the local spread is more extensive than later proves to be the case. 
This is because in the operating theatre inflammatory adhesions may be mistaken 
for local spread and glands enlarged as the result of sepsis may be mistaken for 
metastases. None the less important information concerning prognosis can often 
be obtained by estimates of local spread before and at the time of surgical treat- 
ment. 

The next point to be discussed is the interdependence of the different features 
in pathology which we have analysed. By using the corrected 5-year survival 
rate for purpose of comparison we have attempted to estimate separately the 
degree to which the prognosis of rectal cancer is dependent on its histology and 
on the extent of local, lymphatic and venous spread, as revealed by the detailed 
examination of an operation specimen in the pathology laboratory. If these 
various features considered had been completely independent of each other, the 
individual contribution to the death rate made by each might have been assessed 
separately from 5-year survival rates, but obviously the factors we have measured 
individually are closely interrelated and interdependent, and each factor might 
be used as a partial measure of the others. It seems almost as if we were looking 
at the same picture from different points of view, because each pathological feature 
recorded is only another expression of the growth potential of the primary tumour. 

This interdependence of different factors in the pathology of rectal cancer, 
though it vitiates any detailed assessment of separate factors, is advantageous 
in that it permits opinions to be formed by inference from partial observations 
only, as, for instance, assumptions based only on the histology of a biopsy frag- 
ment and on clinical observations concerning the extent of local spread. 

Turning now to the type of case in which it has been possible to carry out 
each and all of the various pathological examinations described, the question 
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may be asked, “‘ Which of all observations is likely to be the most useful from the 
point of view of prognosis? ””’. We have no hesitation in answering “ The presence 
or absence of lymphatic metastases’. This is the least subjective and the most 
reliable of all the observations of a pathologist. Furthermore, a recording of the 
number and position of lymphatic metastases adds much to the value of a patho- 
logical report and is not such a laborious proceeding as might be supposed. 

The last question to be considered is how the information in the pathologist’s 
report can most easily be summarised in a form which will be appreciated and 
remembered by the surgeon. For this purpose we commend once more the A, 
B, C classification which has been in continuous use at St. Mark’s Hospital for 
more than 30 years and which may be briefly recapitulated as follows: “A” 
cases: growth confined to the rectum: no extra-rectal spread: no lymphatic 
metastases; ‘“‘B” cases: spread by direct continuity into extra-rectal tissues : 
no lymphatic metastases ; ‘“‘C ”’ cases : lymphatic metastases present. Evidence 
of the usefulness of this classification has been submitted in earlier reports (Dukes, 
1932 and 1940) but we are now in a position to give the 5-year survival rate of the 
2037 operation survivors whose specimens have all been classified this way 
(Table XV). 


TaBLE XV.—5-year Survival Rate of A, B and C Cases 


(Operation survivors) 
Survival rate 
"ame amie at icine, 


Number of Crude Corrected 
cases (%) 
308 , . 97-7 
692 ' . 77:6 
1037 ; . 32-0 


Total . 2037 . ° 57°4 


The A, B and C classification of rectal cancer was one of the earliest attempts 
at what is now called “staging”’ cancer and subsequent experience of other 
organs has shown that it is generally preferable to separate local and lymphatic 
spread and to assess each separately as has been recommended for mammary 
cancer in the T.N.M. system (Denoix, 1954). We would point out, however, that 
the T.N.M. system of staging is intended to be used primarily for a preoperative 
clinical assessment whereas the A, B, C classification of rectal cancer is based 
on the pathological findings in an operation specimen. It would not be difficult 
to adapt the T.N.M. system so that it could be used on a purely pathological 
basis for rectal cancer but if this were undertaken it is unlikely that the A, B, C 
classification would be superseded or abandoned, at any rate by the present 
generation of surgeons, many of whom are now familiar with the fact that the 
crude 5-year survival rate of A cases is over 80 per cent, of B cases between 60 
and 70 per cent and of C cases less than 30 per cent. 


SUMMARY 


1. During the 25 years, 1928-52, 2447 patients with rectal cancer at St. Mark’s 
Hospital were treated by a surgical operation which removed the primary tumour. 
The crude 5-year survival rate was 48-3 per cent and the corrected 5-year survival 
rate 57-4 per cent. 
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2. All carcinomas were subdivided into three histological subgroups designated 
“low ”’, “ average’, and “ high” grades of malignancy. The corrected 5-year 
survival rate for all patients with low grade carcinomas was 77-3 per cent, for 
those of average grade 60-6 per cent and for high grade malignancy carcinomas 
only 28-9 per cent. 

3. The extent of local spread of rectal cancer is a remarkably reliable guide to 
prognosis. This is proved by the fact that in cases without lymphatic metastases 
the corrected 5-year survival rate was 89-7 per cent when extra-rectal spread 
was slight, 80-0 per cent when moderate, and when extensive 57-0 per cent. 

4. The importance of observations on lymphatic spread is shown by the fact 
that for cases with lymphatic metastases the corrected 5-year survival rate was 
32-0 per cent, whereas for all types of cases without lymphatic metastases it was 
83-7 per cent. 

5. The A, B, C classification of rectal cancer, based on the extent of spread, 
has been used on all surgically-treated cases in this series, and has proved to be 
a convenient and practical method of summarising a pathological report. The 
crude 5-year survival rate of A cases (growth limited to rectum ; no extra-rectal 
spread ; no lymphatic metastases) was 81-2 per cent. The crude 5-year survival 
rate of B cases (spread by direct continuity into extra-rectal tissues ; no lymphatic 
metastases) was 64-0 per cent. The crude 5-year survival rate of C cases (lymph- 
atic metastases present) was 27-4 per cent. After making allowances for inter- 
current deaths during the 5-year period the “ corrected” 5-year survival rate 
for A cases was 97-7 per cent, for B cases 77-6 per cent and for C cases 32-0 per 
cent. 


In the first place we wish to acknowledge once more our debt of gratitude to 
the British Empire Cancer Campaign for the provision of the research grant 
which has made this work possible. We wish also to recall the memory of the 
late Mr. J. P. Lockhart-Mummery who co-operated in the initiation of this 
research. Mr. W. B. Gabriel, now senior surgeon to St. Mark’s Hospital, was 
responsible for beginning the follow-up of cancer cases with a grant from the 
Medical Research Council in 1922 and has taken a personal interest in its super- 
vision ever since. All the other members of the surgical staff of the hospital 
have helped in this research from time to time, especially Mr. H. R. Thompson 
who has personally checked the operation and clinical notes of each case. We are 
grateful to Mr. P. M. Payne for advice on the presentation of statistics. 
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THE immediate and often dramatic improvement in patients with prostatic 
cancer, after endocrine treatment, tends to obscure the fact that a relatively 
small proportion of cases live for more than 5 years (see Franks, 1958, for review). 
The object of the present investigation was to see whether there were any specific 
features, using routine clinical and pathological methods, by which patients 
likely to live for more than 5 years could be recognised at the time of diagnosis. 


MATERIAL 


There were 32 patients, surviving 5 years or more from the time of diagnosis, 
irrespective of the time of first appearance of symptoms, and in 24 of these cases 
histological sections from biopsies made at the time of diagnosis were available. 
This group was compared with another group from the same series of cases, 
living for less than 5 years. There were 53 patients in this latter group, and 


26 of these had initial biopsy section available. The whole of this second group 
of “‘ short survivors ” had come to autopsy and the diagnosis and probable cause 
of death were confirmed histologically. 


METHODS 


From haematoxylin and eosin stained paraffin sections of the initial biopsy 
material the tumours were graded, using a similar method to that used in an 
earlier investigation (Fergusson and Franks, 1952), and the presence or absence 
of basophil (‘‘ mucoid ’’) secretion in the tumour and of a surrounding stromal 
reaction, were recorded. The following clinical points were noted : first symptoms 
(urinary or due to metastatic disease), whether the prostate was clinically carcino- 
matous on rectal examination, the presence or absence of metastases on radio- 
logical examination when first seen, the formal-stable serum acid phosphatase 
when first seen, and the cause of death—-whether due to prostatic cancer or 
intercurrent disease. Changes in the clinical state of the prostate, the serum 
acid phosphatase and the later development of metastases were also studied. 
The clinical changes in a larger unselected series of cases has been reported in 
detail by Fergusson (1958). 

RESULTS 

The results are shown in detail in Tables I-VI and only the main points will 

be discussed below. The number of cases in each group and the percentage of 
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TaBLE I.—Summary of Results 


Long survivors Short survivors 
(5 years or more) (less than 5 years) 
.. —- —-“*~ —--Y 





rr —? 
Per cent Per cent 
No. of group No. of group 


Age— 
50-59 . 1 3 
60-69 . ‘ ‘ ‘ , : ‘ 17 53 
70-79 . , ‘ ‘ ‘ : , 10 31 
80-89 . ‘ ‘ ‘ ‘ ‘ ‘ 4 13 

Grade— 

High . ‘ ‘ ‘ ‘ , ° 37 
Average ; ‘ ; : ; ‘ 37 
Low . , : , . . ‘ 25 


Not graded . : ‘ ‘ ‘ —- 
Stromal reaction— 
Present ; , . ‘ ‘ 38 
Absent ; ‘ . ; ‘ 4 62 
Basophil secretion— 
Present 
Absent 


First : pomaelin 
Local 


Metastatic 
Incidental 

Initial rectal examination— 
Malignant (+) 
Benign (—) 
Doubtful (?) 

Later rectal examination— 
+ — . 


~ én BD 


— ae ee eS ot 


—_— + A 
>> + ‘ 
Unchanged . 

eae 
Present 


Paget’s disease 
Absent ; 


Metastases later— 
Present ‘ 
Paget’s disease 
Absent 
Serum acid phosphatase. Initial— 
0 -1-9 K.A. units ere eames 


2-0-4-9 
5-0- or more 


aa, Later— 
0 -1-9 . 
2-0-4-9 
5-0 or more . 


Cause of death— 
Cancer ‘ ‘ ‘ ‘ ‘ ‘ 12 
Other . ° : ‘ , 9 


Alive or cause of death doubsful ‘ , ‘ ll 
* One patient had symptoms of both local and metastatic disease. 
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the group is given but, as in general the numbers are small, the percentages can 
only be regarded as a guide for ease of comparison. The apparent discrepancies 
in numbers are due to the fact that all investigations were not carried out in a 
few cases. 

Age (Table I).—The age incidence in both long and short survivors follows the 
same general pattern in that most of the cases are between 60 and 80 years of 
age. Only one of the six patients between 50 and 60 years lived for more than 
5 years. Apart from this the differences in age distribution in the two groups are 
probably not significant. 

Hi. grade (Tables I and II).—In both groups the number of patients 
with tumours of a low grade of malignancy is small, but there were more in the 
group of long survivors. Although rather more of the short survivors had 
high-grade tumours (58 per cent) nearly 40 per cent of the long survivors also 
had similar tumours. Thus the survival period is not directly related to the 
histological malignancy of the tumour. There appears to be no direct association 
between histological grade and age (Table II). 


Tasix II.—Age and Histological Grade 


Long survivors Short survivors 
= A 





ss 


Average Low i Average 
Per Per 


No. cent " . cent 
ns 0 
14 . 67 
37 . 40 
50... 0 17 


Ss .. i 31 11 


Stromal reaction to the tumour (Table I).—Since it might be thought that a 
stromal reaction in the tumour may represent a response by the host to the 
tumour, the extent of any fibrous reaction was noted. There are no significant 
differences between the groups. It has been suggested that a lymphoid reaction 
around the tumour is associated with a long survival period in cancer of the breast 
(Moore and Foote, 1949) and stomach (Black, Opler and Speer, 1954). However, 
in these prostatic tumours a lymphoid reaction was seen only in association with 
areas of chronic inflammation, not obviously related to the tumour. 

Basophil secretion in the tumours (Table I).—Many well differentiated prostatic 
tumours may secrete a basophil mucoid material (Franks, 1954). Since it has 
been reported by some workers, e.g. Delbet and Mendaro (1927) and others, that 
mucoid secretion in breast tumours was associated with a relatively good prognosis, 
this factor was also assessed. This type of secretion was present more frequently 
in the long survivors (40 per cent of cases as compared with 26 per cent), but this 
may only reflect the greater number of relatively well differentiated tumours 
(average and low grades combined) in this group. (62 per cent as compared with 
42 per cent). 

First symptoms (Table I).—In both groups the presenting symptoms were 
local (urinary) in the great majority but symptoms due to metastasis were 
commoner in the short survivors—24 per cent as compared with 6 per cent. 
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Changes on rectal examination (Table I).—As might be expected almost all 
(94 per cent) the short survivors were found to have clinically malignant prostates. 
Of the long survivors 75 per cent were clinically malignant but almost a quarter 
of the cases (22 per cent) appeared benign. In the course of the disease these all 
later developed clinically malignant glands in spite of treatment. In 10 of the 
long survivors and 4 of the short survivors the prostate became clinically benign. 
This change would seem to be associated with a relatively good prognosis, since 
3 of these 4 short survivors died of intercurrent disease (carcinoma of bronchus, 
myocardial infarct, chronic intestinal obstruction). The fourth died as a result 
of metastatic deposits in the spine. 

Metastases, age and histological grade (Tables I-V).—Metastases on radio- 
logical examination were absent at the time of diagnosis in nearly 80 per cent 
of the long survivors but only in about 50 per cent of the short survivors. This 
association—one to be expected—has been noted by many previous writers, 
e.g. Bumpus, 1926; Nesbit and Baum, 1950. The presence of Paget’s disease 
of bone on radiological examination has been noted separately since diffuse 
fibrosing metastatic deposits of prostatic carcinoma may produce this appearance 
(Willis 1953; Franks, 1956a). The fact that relatively few patients over the 
age of eighty develop metastases (Franks, 1956a) is again confirmed. Secondary 
deposits appeared later in 10 of the 25 long survivors (40 per cent) who had no 
metastases at the time of diagnosis. All were less than 80 years old (Table III). 


TaBLE III.—Age and Metastases 


Long survivors 
A — Short survivors 
Metastases —- A — 
No developed No 
Metastases metastases later Metastases metastases 
aes OOOO OFT" 
Age Per Per Per Per Per 
group No. cent No. cent No. cent . cent No. cent 
50-59 . . 0 1 100 100_—i«j. 75 25 
60-69 . ‘ 6 15 94 33. Cit 55 45 
70-79 . , 33 6 67 =. « 55 45 
80-89 . ° 25 3 75 S + ll 89 








All ages ° 17 25 83 @ . 48 52 


Only one of the 21 short survivors with metastases was over this age. Similarly 
none of the 15 patients (in both groups) who were first presented with symptoms 
due to metastases was over 80 (Table IV). 


TaBLE IV.—Age and First Symptoms 


Long survivors Short survivors 
- = = 





ears = 
Local Metastatic Other Local Metastatic Other - 
| te Tl sete TE eet 

Per Per Per Per 
No. cent Yo. " No. cent No. cent No. cent 


1 100 ; 2 40 40 1 20 
15 88 ‘ 9 75 25 0 
8 80 ‘ 18 69 31 0 
4 100 : 10 91 0 l 
2 


88 - 72 24 
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Among the short survivors there appeared to be some association between 
metastases and histological grade, metastases being found more frequently in 
patients with more anaplastic tumours, although unexpectedly, the incidence was 
higher in those with average grade tumours than in those with high grade tumours 
(Table V). Among the long survivors, however, those with low grade tumours 


TaBLE V.—Histological Grade and Metastases 


Long survivors Short survivors 
bien A. 
ees ae item ——s 


No No. 
Metastases metastases Metasiases metastases 








Per 
Grade ye No. cent ‘ : Grade 
High 9 ' S 8s9._z ; 25 High 
Average9  . 8 89 ‘ 8 Average 
Low 6 ‘ 4 67 3 Low 


had a larger proportion with metastases than those with histologically more 
malignant tumours. Thus the histological malignancy of the primary tumour 
does not necessarily influence the incidence of metastases. 

Age and cause of death (Table VI).—In both groups the majority of patients 
died of prostatic cancer but a considerable number died from intercurrent disease, 


TaBLE VI.—Age and Cause of Death 


Long survivors Short survivors 
g= A oa, - ie wnn~n 
Cancer Other Doubtful Cancer Other Doubtful 
tee Tl eaten TE ees Tl eee Tl eee 
Age Per Per Per Per Per Per 
group cent No. cent No. cent No. cent No. cent No. cent 
50-59 . ‘ 0 0 0 0 ; 4 80 20 0 
60-69 . : 70 30 0 0 ; 10 83 17 0 
70-79 . ‘ 43 57 0 0 ‘ 15 60 36 1 
80-89 . . 50 50 0 0 , 3 27 55 2 
0 0 3 


32 60 34 








All ages . a 57 43 


particularly the older men. The younger the patient, the greater the proportion 
dying as a result of cancer. 

Serum acid phosphatase (Table I).—The serum phosphatase was higher (over 
5-0 units) in a larger proportion of short survivors, and remained so after treatment. 

Benign nodular hyperplasia and prostatic cancer.—Patients with prostatic 
carcinomas found after prostatectomy, in men with clinically benign prostatic 
enlargement, tend to have a long survival period (Nesbit and Baum, 1951 ; 
Edwards, 1955; Franks, 19566). In the series of cases reported here there were 
5 such patients among the 32 long survivors (16 per cent) but only 1 (who died 
from a myocardial infarct) (2 per cent) among the 53 short survivors. One of 
the long survivors was found to have developed a carcinoma 6 months after a 
retropubic prostatectomy for benign enlargement. Two of the short survivors 
had a perurethral resection and one a retropubic prostatectomy for benign 
enlargement, 4 years, 2 years and 1} years, respectively, before the carcinoma 
was diagnosed. 
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SUMMARY AND CONCLUSIONS 


The number of patients studied are too few to allow a statistical analysis of 
results but in general, it can be said that there is no single feature which is 
constantly associated with long survival. The commonest finding in the long 
survivors was the absence of metastases at the time of diagnosis (78 per cent) 
but as almost half (49 per cent) the short survivors also had no metastases this is 
of little value in assessing prognosis in the individual case. A change in the 
prostate after treatment from clinically malignant to clinically benign generally 
implies a good prognosis but even here death due to the effects of metastatic 
deposits is not excluded. A high serum acid phosphatase level (more than 
5 formal-stable King-Armstrong units) remaining high after treatment, is generally 
associated with a short survival period. The histological grade of the tumour 
does not seem to influence the survival of the patient, or the incidence of meta- 
stases. Metastases are much less common in the elderly, i.e. men over 80 years 
old. 

These findings emphasize the need for a reliable method of assessing the 
biological malignancy of prostatic cancer. 
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PULMONARY carcinoma has reached a position of unparalleled importance 
because of its increased incidence and the general apprehension of an increasingly 
higher death rate from this disease in years to come. Interest has been shown in 
this condition since the year 1800, but in 1911 Adler (1912) found only 360 cases 
of primary carcinoma of the lung in the literature. Katz (1927) found an increase 
of from 2-09 per cent in 1900-06 to 11-19 per cent in 1925. Figures published by 
Doll (1953) for England and Wales show that the death rate from carcinoma of 
the lung increased by 2} times from 1900 to 1924 and by 14 times in the next 
25 years. In the ages of greatest frequency of lung carcinoma in men, the pro- 
portion of this cancer to all other cancers was 40 per cent in 1950. It was the 
most important site of all cancers in men, causing 28 per cent more deaths than 
carcinoma of the stomach and providing 24 per cent of all cancers. Of all male 
deaths in 1950, 4 per cent were due to carcinoma of the lung and in the age group 
45 to 54 years the figure was 10 per cent. This condition was a more common 
cause of death in men than hypertension or pulmonary tuberculosis, but was 
credited with only one-third as many fatalities as coronary disease. According 
to Steele (1954), carcinoma of the lung in 1954 was second only to carcinoma of 
the stomach as cause of death in men in the United States of America, and the 
death rate from it in that country was twelve times greater in 1950 than in 1920. 
Smetana, Iverson and Swan (1952) state that figures in the literature indicate 
that lung carcinoma varies from 5 to 28 per cent of all malignant tumours in men. 
The deaths from respiratory cancer registered in Ireland (26 counties) have increased 
from 56 in 1925 to 470 in 1956, and the death rate per 100,000 population has 
risen from 1-9 in 1925 to 17-2 in 1954, i.e. 800 per cent increase over 1925. The corre- 
sponding figures for males are 2-5 and 25-2, and for females 1-2 and 8-9. 

Until recent years there has been a difference of opinion as to whether the 
increase has been apparent or real. For many people, improved diagnosis was the 
cause of the upward trend and though, no doubt, it has played a part in the 
increasing number of cases registered, it is generally agreed that it is only one 
factor in the alarming difference between the figures of the 1950’s and those of the 
1920’s. Earlier estimates may have been too small, for several reasons. There 
was the tendency to class secondary deposits, which were larger than the lung 
tumour, as the primary, because of its size. Pulmonary tumours were often 
regarded as secondary deposits. Classification also played a part, as many tumours 
designated sarcoma would now be listed as carcinomas. Chemotherapy undoubted- 
ly discloses tumours by prolonging lives which, in some cases, would have been 
lost because of secondary infection before the tumour was discovered. Whatever 
criticism may be made of the figures of the estimated increase, there is general 
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agreement that the upward trend in the incidence of lung carcinoma is a very 
real one. 

An interesting feature of this condition is that in most published figures 
there is a much higher incidence in males than in females. The majority of these 
ratios vary from approximately 4-to-1 to 11-to-1 for male and female. Kreyberg 
(1952) quotes Wiklund’s figures of 1951 in which 91-1 per cent of cases taken from 
surgical material were in males. Jaffe (1935) also records a high male incidence in 
his figure for 4500 autopsies performed between 1915-18. In these, 10-73 per 
cent of all carcinomas were pulmonary and 92 per cent of them were in males. 
Bueckley et al. (1957) state that foreign-born Mexican women in California have 
a three-fold excess of lung cancer compared with other women in that State 
during the period 1949-53. The rate for men was comparable to all men. The ratio 
for lung carcinoma deaths for the total population of California was: males 
4-8 to females 1-0; and for Mexican males 2-0 to Mexican females 1-0. In this 
paper a Mexican is taken as a person with a Spanish surname. Rakower’s (1957) 
figures for Jewish women of European extraction in Israel are also unusual in 
this respect. He claims that they have the highest lung carcinoma rate for women 
in the world, with a figure of 10-8 per 100,000 of the population in 1954. 

Figures such as those above and the ratio of the various histological types 
will vary somewhat depending on ¥ hether the specimens are taken from autopsies 
or from surgical material. The latter tends to represent the younger and fairly 
fit section of the population. Old people do not so often come to operation or 
biopsy. 

In this report of 100 consecutive cases the material, which was received in a 
routine diagnostic laboratory in Dublin over a period of approximately two 
years, consisted of 87 surgical specimens; of these 58 were pneumonectomies 
and lobectomies, and 29 bronchial biopsies. There were 13 autopsies. Of these 
cases, 92 were males and 8 females. The ages of males varied between 27 and 77 
years, and the females between 34 and 70. 

There are various ways of classifying tumours of the lung. Some of these, in 
many opinions, involve too many types. There are those, including Willis (1948), 
who believe that there is ‘‘ only one entity, carcinoma of the lung ’’, and that the 
various histological types develop from one primitive pleuripotential cell. If this 
were so, it would not remove the necessity for classifying these growths, as the 
tendency to develop into predominant :pecific histological types may determine 
the biological behaviour of a tumour. Bignall (1958) states that the median time 
of survival of those with differentiated tumours (i.e. squamous cell and adeno- 
carcinoma) was 11} months, that 46 per cent survived for longer than one year, 
and 25 per cent for two years or more. Of the undifferentiated group, half were 
dead within 74} months, and the proportions surviving for one and two years 
were 31 and 7 per cent. 

Table I shows some of the systems of histological classification used over the 
past thirty years, with the names of the authors and the percentage figures of 
histological types recorded by them. 

Obviously, it would be an advantage that any scheme classifying lung tumours 
should contain as few categories as possible and that it should be in universal use. 

The histological classification of bronchogenic carcinoma is difficult because 
of the variation and overlap of cell types. In this paper the cases have been 
classified as squamous cell, undifferentiated, adenocarcinoma, with “oat” cell 
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as a subgroup of the undifferentiated class because it presents a specific histological 
picture. The critieria of these categories were as follows : 

Squamous cell. Keratin in small quantities or forming cell nests, intercellular 
bridges, a line of demarcation between cells, stratification or whorling. Not all 
of these characteristics were found together. 

Adenocarcinoma.—Columnar cells showing well formed acini with or without 
mucous. 

Undifferentiated—No uniform cell pattern. 

“ Oat ”’ cell—Presenting a picture conforming to the traditional description of 
this tumour. 

The placing of a tumour in one of these categories does not imply that the 
growth was wholly of this type, but was predominantly so. 

Table II shows that the incidence in this series is : squamous cell 53 per cent, 
adenocarcinoma 9 per cent, undifferentiated 38 per cent (this last includes “ oat ”’ 
cell, 17 per cent, as a subgroup). 


TaBLE I.—Systems of Histological Classification of Malignant Epithelial Lung 
Tumours 


’Neal et al., 
.S.A., 1957 
L. Kreyberg, 


> Norway, 1954 
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Alveolar 
Uncertain type 
Reserve cell 
Columnar cell 
Cuboidal cell 
Polymorphous cell 
Basal cell ‘ 
* Oat” cell 
Anaplastic . 
Transitional cell . 
Spindle cell 
Scirrhous 
Pleomorphic 
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Frissell and Knox 
O’Neal et al. 
Gledhill 
Steele ‘ : 
D’Aunoy etal. . 
The percentages for the cases of each of the above-mentioned authors were abstracted with an 


accuracy of approximately + 0-5 per cent. The percentage figures for the remaining writers are 
those quoted by themselves. 
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TaBLE II.—Incidence of Histological Types of Lung Tumours in This Series 


Age groups 
Type 20-30 30-40 40-50 50-60 60-70 70-80 Total 


Squamous cell— 
Male . ‘ . _- 1 23 53 
Female . ‘ — — 2 _— 





Adenocarcinoma— 
Male . 
Female 


Undifferentiated— 
ale . ’ ’ 
Female 


* Oat ” cell— 
Male . 
Female 


Of these 100 cases, squamous cells were found either alone or with other types 
of cells in 53 tumours: 38 of these contained keratin with or without cell nests. 
As might be expected, of the total number, 47 were not composed of a single cell 
type or pattern. Because of this lack of cellular uniformity in so many of the 
tumours, it was tempting to employ such terms as “ large cell ’’, “‘ large polygonal 
cell” and “ transitional cell ”’,.etc., in an effort to describe various cytological 
pictures, but this was avoided because of the desirability of using a simple classifi- 
cation. 

The Registrar-General’s Report for Ireland for 1954 shows that the male/female 
ratio for deaths from respiratory cancer was 2-8 to 1. It must be pointed out that 
in these returns the term respiratory cancer includes cancer of the bronchus, lung, 
trachea, larynx and mediastinum. In the present survey the figures for the total 
number are: males 11-5 to females 1; but in the surgical cases the ratio is16-4 
to 1. As this is a preliminary survey, the first of its kind from Ireland to report the 
histological pattern in 100 cases of bronchial carcinoma, predominantly surgical 
in origin, it is not intended to comment at the present time on the divergence 
between the Registrar-General’s figures and those of this report, or to make 
comparisons with figures for lung carcinoma in other countries. 


SUMMARY 


One hundred cases of bronchogenic carcinoma are reviewed : 92 were males 
and 8 females. The ages varied from 27 to 77 years. The material consisted of 
58 pneumonectomy and lobectomy specimens, 29 bronchial biopsies and 13 post- 
mortems. The incidence per cent of histological types was: squamous cell 53, 
adenocarcinoma 9, undifferentiated 38 (including “oat” cell, 17). Tumours 
composed of more than one type of cell were found in 47 cases. 


My thanks are due to Professor John W. Harman, to Mr. Keith Shaw and Mr. 
B. O’Neill for the use of the material in this survey. 
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THE proper development of chemotherapy in the management of the malignant 
reticuloses requires that comparisons are made between various compounds, and 
with other methods of treatment. 

Before a compound reaches the point of clinical trial a great deal of thought 
and work has been already expended. We are not here concerned with the starting 
points of those trains of thought that lead to the synthesis of a substance. 
Synthesis is followed by experimental work on animals and animal tumours and 
in these tests a compound may show promise. At this point the clinician who is 
forever seeking compounds of value will willingly but cautiously put it to clinical 
test. He owes it to his patients to do so; he also owes it to the experimental 
worker to give an objective opinion, on the basis of which further work may be 
either extended or abandoned. 

This paper is concerned with this final phase, that of clinical trial and methods 
of comparison as these have been applied to some common agents. It is intended 
primarily for the experimental worker to demonstrate not only the limits of our 
ability to discern the consequences of clinical trial but also to show some of the 
problems in the clinical approach. 

Any assessment of the efficiency of a new chemotherapeutic agent must be 
based against standard treatments. These should include not only well tested 
compounds but also irradiation methods where these are applicable. 

It is important to emphasise that to-day the clinical aim is still palliation for 
the vast majority of patients. Cure can only be hoped for in a small number of 
the strictly localised lymphomas and in these it is a radiotherapy achievement. 
So with palliation as the immediate objective we are concerned with assessing the 
length and quality of a remission, the freedom from toxic side effects, and not least 
the general convenience of the patient. 

At the start, therefore, there is the task of defining the term “ remission ”’. 
It would be academically sound to measure the remission as the number of weeks 
after treatment until the patient is as a whole no better than he was at the begin- 
ning. This is a workable concept in the assessment of remission in solid types of 
reticuloendothelial disease. It is not a desirable definition for the chronic leuk- 
aemias who are usually re-treated before such a state occurs. So for the chronic 
leukaemias I propose to regard a remission as ending when the clinical evidence 
shows clearly that the patient is deteriorating. The indices of this include a sig- 
nificant fall in haemoglobin and rise in the primitive cells of the peripheral blood 
even although neither symptom has deteriorated to pretreatment levels. 


* Paper given July 11th, 1958, at 7th International Cancer Congress, Festival Hall, London. 
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It is possible to state at any stage in the observation of a treated patient that 
a symptom is improving or is stationary or is progressing, relative to the same 
symptom before treatment. Such a statement can be given a numerical figure. 
The average of these figures for all the symptoms constitutes a “ clinical index ” 
which sums up the condition of the patient and hence measures the quality of 
remission. An index which falls to a certain limit can then be used to define the 
end of a remission. 


TaBLE I.—Clinical Indices—Case of Myeloid Leukaemia 


4 months 12 months 
Nodes 


Neck 
Axilla m 
Groin 
Other 

Spleen 

Liver . 

Bone marrow 
Haemoglobin 
W.B.C. ‘ 
Primitive cells 
Weight ‘ 
Well-being . 
Ability to work 


| to 
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Index = =2-0 Index = -. =1°:1 


Table I shows a number of symptoms so assessed in a case of chronic myeloid 
leukaemia at 4 months and 12 months after treatment. Opposite each symptom 


is anumber. The code is “ 2” for improvement, “ 1 ” for an unchanged symptom, 
and “0” for an advancing symptom. A dash means either that a symptom was 
not present or alternatively that the clinician forgot to annotate it. The average 
of these figures at 4 months was 2-0. With this mean value the patient was vastly 
improved. At 12 months, however, the average was 1-1 and the remission was 
ending. 


TaBE II.—Clinical Indices—Case of Hodgkin’s Disease 


2 months 4 months 
Superficial nodes 

Neck — 

Axillae 2 

Groins 1 
Mediastinum 
Spleen 
Liver . 
Effusions 
Haemoglobin 
Fever . . 
Well-being . 
Weight . 
Ability to work 


Index = 


Table II shows a similar study of a case of Hodgkin’s disease. The mean 
index at 2 months was 1-8; the patient was much improved. At 4 months, how- 
ever, the figure was below 1-0 and the remission was over. 
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The criteria on which the figures are chosen are important but they are too 
detailed to describe here. Other criteria might well be used. The only measure 
of validity is that the index arrived at should agree with a clinical impression of 


the patient as a whole. 
The method is not intended to indicate when treatment should be re-instituted 


—this depends on many other factors. It is only a simple way of expressing the 
total clinical impression for assessment purposes, in a way which will sort out a 
welter of symptoms and so facilitate a tabulation of comparative figures on an 
objective basis. It will not only give us a figure for the length of a remission, it 
will also estimate the amount of benefit received, and, on a closer analysis, it can 
be used to look at individual symptoms which might be specifically benefited by 
a particular agent. 

The use of the method is best illustrated by examples in which comparisons 
have been made between different treatments. The first concerns the approach 
to measuring response in chronic myeloid leukaemia. 


36 
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Myleran Mercaptopurine Myleran 32P 
Fie, 1. 


Chronic Myeloid Leukaemia 
Fig. 1-5 each summarise the career of a case of chronic myeloid leukaemia 
treated by various agents. The sequence of events will be familiar to all clinicians 
but perhaps less so to those working in the experimental field. These histories 
are being used to illustrate what I think to be a general truth, that only the first 
treatment of a leukaemic patient should be used in the comparative assessment 
of compounds. 
The height of the column denotes the period during which the patient was in 
remission. If no remission occurred during a treatment, that is to say, if the index 
was 1-0 or less, the column has been barred diagonally. 
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The patient illustrated in Fig. 1 was given 32P as the first treatment with in 
consequence a remissicn of over 2 years. At the end of this remission he was given 
the chemical compound B.E.P. (1 : 3-bis (ethyleneiminosulphonylpropane)), and 
a further good remission of 11 months followed. This ended when the patient 
stopped taking B.E.P. on account of nausea. Myleran was, therefore, substituted. 
The response was slower and the remission was shorter. The last three courses 
with mercaptopurine, myleran and a last treatment with 32P were all ineffective. 
This case illustrates that the duration of remissions steadily diminished and that 
the same 32P which apparently was most suitable at an early stage, was entirely 
unhelpful terminally. 

This next case (Fig. 2), was given splenic irradiation as the first method of 
treatment. This patient had a prolonged remission for over three and a half years. 
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The treatment was changed to myleran because the spleen seemed to be becoming 
— This remission lasted for about one year. The patient then deteriorated 
rapidly. 

On the basis of these cases it might seem that myleran was rather ineffectual 
compared with irradiation methods. Fig. 3 however shows myleran in a very 
different light. This patient was treated by myleran as the first and only treat- 
ment. She was kept in good health for three and a half years and died a few months 
after the remission ended. It is interesting to note here that at the beginning the 
amount of myleran required to give freedom from symptoms was small ; later, 
sustained maintenance dosage was required. 

Fig. 4 illustrates the use of urethane in inducing a remission which lasted for 
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over three years. Splenic irradiation resulted in a much shorter remission. Finally 
mercaptopurine yielded only a transient response. 

The last patient, (Fig. 5), was treated by monthly doses of triethylene melamine 
(T.E.M.) and did well for 16 months. At the end of the remission B.E.P. was 
given unsuccessfully. X-ray therapy to the spleen was effective for a very short 
time ; no benefit was obtained with myleran. 

These are examples ; similar pictures could be shown of other chemothera- 
peutic agents. These diagrams all illustrate the principle of diminishing returns. 
They serve to show how important it is to test compounds in pa*ients at a stage 
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when they are capable of responding and it would seem important to evaluate a 
new compound on its use as the first agent in treatment. 

If this is accepted it follows that very few centres to-day can get an answer 
about a new treatment quickly, based on the first treatment of their own clinical 
material. Of recent years the difficulty has further increased because many patients 
have already been treated by individual physicians before reaching a centre 
engaged in clinical investigation. 

The conclusion is obvious that important comparisons should be done on a 
national or international basis. This would imply rules for random selection of 
patients and carefully thought out standards of measurement. For future assess- 
ments of chemotherapeutic compounds in chronic myeloid leukaemia it is suggested 
that splenic irradiation might well be the best control treatment ; this does not 
mean resurrecting the dusty histories of 20 years ago to compare with a new 
compound, but rather the selection of contemporary cases for treatment, on a 
random basis. 

Another point is illustrated by these five patients. All had clinical indices of 
the order of 2 during their first remission ; and in all of them the first treatment 
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yielded a fairly long remission. Yet this rather uniform result was obtained with 
very diverse agents. One wonders whether all these agents are “ specific ” or that 
none is. 


Generalised Hodgkin’s Disease 


In the solid reticuloses the use of a compound as the first treatment may be 
rather less decisive in its effects, than in the leukaemias. Generalised Hodgkin’s 
disease has been used to exemplify the comparison of 2 compounds on the basis of 
clinical indices. The clinical material comprises 80 section-proved cases, chosen on 
the sole ground of having each been treated by at least 2 different chemotherapeutic 
agents, including nitrogen mustard and triethylene melamine which will be 


— 
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compared. Individual cases in this group were also treated with other chemical 
compounds or irradiation. Such other treatments have been exluded from the 
present analysis. 

These generalised cases have been grouped, depending on the order in which 
the compounds were given. I am comparing, therefore, nitrogen mustard and 
T.E.M. where these agents were the first treatments, and the same compounds 
when these were given as later treatments. 

The comparisons are shown in Tables III to VII ; these summarise the relative 
effects of nitrogen mustard and T.E.M. in terms of : 


(a) The fraction of responding patients. 
(6) The length of the response. 

(c) The quality of the response. 

(d) Undesirable side effects. 


(a) The fraction of cases responding 

This has been taken as the number of patients whose index was over 1-0 eight 
weeks or more after treatment. It excludes transitory betterment of shorter 
duration. 

It will be observed that either agent given as a first treatment induced a higher 
remission rate than if given subsequently. The difference between the 1st and later 
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TaBE III.—Comparison between HN, and T.E.M. in Hodgkin’s Disease 
Fraction of patients benefited 8 weeks after treatment 
Benefited 


(%) 
HN,— Ist treatment : ‘ ‘ 80 
T.E.M.—lst treatment. ° ‘ 70 


HN,—later treatment ‘ , ‘ 48 
T.E.M.—later treatment . : ‘ 57 


treatment with HN,, i.e., between 80 and 48 per cent is significant at the 5 per 
cent level, and is in line with the leukaemia findings. Nitrogen mustard appears 
somewhat more successful than T.E.M. as a first treatment, and T.E.M. seems 
more impressive as a later treatment. 


(b) The length of the response 
This compares the length of remission of the same group of patients who 
showed betterment at 8 weeks. 


TaBLE IV.—Comparison Between HN, and T.E.M. in Hodgkin’s Disease 


Length of remission in weeks 
Median 
(weeks) 
HN,—I|st treatment . . ‘ 22 
T.E.M.—lst treatment. , ° 12 


HN,—later treatment , ° 8 
T.E.M.—later treatment . , ‘ 12 


The length of remission from HN, as a first treatment was longer than when 
T.E.M. was employed. However, for subsequent treatments T.E.M. again seemed 


to be preferable to HN,. 

While both tables appear to favour HN, as a first treatment, and T.E.M. as a 
later treatment, the differences are not significant with the numbers available. It 
is therefore unnecessary to speculate on the interpretation. 


(c) The quality of the response 
This is a comparison of the clinical index of those responding cases, 8 weeks 
after treatment : 


TaBLE V.—Comparison between HN, and T.E.M. in Hodgkin’s Disease 


Clinical index at 8 weeks 
Mean index— 
Responding patients 
HN,— Ist treatment . ‘ : ‘ 1-6 
T.E.M.—I1st treatment ‘ ‘ ; 1-5 


HN,—later treatment . ‘ ‘ 1-6 
T.E.M.—later treatment ; 1-5 


It would seem that for both first and later treatments nitrogen mustard 
appeared to be a fraction superior to T.E.M. but the difference if present was very 
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small. The figures also suggest that the quality of a remission was about the same 
for first and for later treatments with either compound. 


(d) Side effects 

An important consideration in the comparison of two compounds relates to the 
undesirable side effects. Nitrogen mustard has the well known disadvantage of 
inducing transient gastrointestinal symptoms and sometimes venous thrombosis ; 
T.E.M. is given orally in enteric coated tablets and if given in instalments is free 
of these side effects. This point is conceded and needs no elaboration. 

The depression of the haemopoietic system can perhaps be briefly contrasted 
by examining the effects on two elements of the circulating blood—the haemo- 
globin and the platelets. The comparative effects of the two compounds on haemo- 
globin is shown in Table VI which is based on all patients whether they benefited 
or not provided that the data on their blood counts was available, and irrespective 
of the order in which compounds were given. Depression of haemoglobin has been 
taken as a fall of 10 per cent or more following treatment. 


TaBLE VI.—Comparison Between HN, and T.E.M. in Hodgkin’s Disease 
Reduction in haemoglobulin—all cases 
Cases 
(%) 
HN, . ‘ ‘ ‘ 18 
T.E.M. ‘ . ‘ 23 


Eighteen per cent of the HN, patients showed this against 23 per cent of the 


T.E.M. patients. If this difference were significant it would be important to the 
clinician. It is, however, not significant, and for both compounds the recovery 
time of the haemoglobin was the same. There was no difference in the haemo- 
globin depression between first and later treatments with either compound. 


TaBLE VII.—Comparison Between HN, and T.E.M. in Hodgkin’s Disease 
Reduction in platelets 


(%) 
i eg ae 
T.E.M. as 


The standard measurement of platelet depression was a reduction of 25 per 
cent or more in the platelet count. The figures of 33 per cent for HN, and 35 per 
cent for T.E.M. are very close, and the recovery times were similar for the two 
compounds. There was no difference between first and later treatments with 
either compound. 

Studies of the other cells of the circulating blood have not shown differences 
between HN, and T.E.M. 

For the future evaluation of new compounds for generalised Hodgkin’s disease 
a control method of treatment is required. Nitrogen mustard itself would be 
suitable, on the grounds of the vast clinical experience which has been accumulated. 

These clinical comparisons do not have the elegance of laboratory experiment. 
For example nitrogen mustard and T.E.M. have been compared on animal tumours, 
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notably by Druckrey et al. (1956) and by Oettel and Wilhelm (1957). Nevertheless 
it is of interest that for the Yoshida ascites tumour in rats, these authors have 
shown comparisons which resemble the clinical findings in Hodgkin’s disease. 

The differences between the two compounds for other animal tumours should 
stimulate interest in seeking differences in effect which may exist for other human 
tumours. 

Localised Hodgkin’s Disease 

Finally here is a further brief illustration of measurement.: There is a justifiable 
hypothesis that two agents in combination might be more effective. This may be 
based on the idea of synergism as exemplified by the combination of mercapto- 
purine with azaserine in acute leukaemia. Or it may be based on the idea that a 
systemic agent might control small undetected foci of disease while a local agent 
such as X-rays eradicated a mass. 

Some time ago we tested this second idea in early cases of Hodgkin’s disease 
still apparently localised to one region—neck or axilla. We compared cases 
treated with regional x-irradiation alone with cases treated by regional x-irradia- 
tion plus a full dose of nitrogen mustard given as part of the first planned treatment. 
If the hypothesis was sound this would be shown as a lengthening of the survival 
time of the patient or at least as a lengthening of the first remission. The results 
are shown in Tables VIII and IX. 


TaBLE VIII.—Comparison Between HN, +- X-rays with X-rays Given Alone 
Localised Hodgkin’s disease 
The 5-year survival 
Number treated Crude % survival 


Treated by HN, + X-ray . 35 ° 54 
Treated by X-ray alone : 32 . 59 


TaBLE IX.—Comparison Between HN, + X-rays with X-rays Given Alone 
Localised Hodgkin’s disease 
Length of ist remission (assessed at 5th year) 
Medi 


(months) 
HN, +X-ray ° ° . 46 
X-ray alone , . , 50 


The differences shown in Tables VIII and IX are not significant and they do 
not support the hypothesis that the combined treatment carried any advantage. 

A similar examination based on other types of malignant disease or with other 
compounds might not lead to the same conclusion. This study applies only to 
Hodgkin’s disease and it is included to show that the method of measurement 
must vary with the information one is looking for. 


SUMMARY 


(1) The present-day needs for the advancement of chemotherapy include 
critical comparisons using defined clinical indices. 

(2) The most valuable comparisons are between the effects of different agents 
as the first treatment and using the average length of remission as the standard. 
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This requires collaborative work between centres in order to get information that 
is speedy and significant. 

(3) Other effects such as the remission rate or the quality of a remission can 
equally be assessed by the use of a clinical index, and for certain purposes the 
survival time may be useful. 

(4) For each disease studied a well tested method of treatment is required as 
a control for a new compound. This implies that treatments should be carried out 
on @ random basis. 
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THE selective uptake of **P by malignant cells has been well known since 
Marshak (1940) reported that after administration of **P to mice with cancer of 
the liver, the cancer cells contained more radioactive phosphorus than the normal 
liver cells. Later reports by Kenney, Marinelli and Woodward (1941) and by 
Marinelli and Goldschmidt (1942) on human tumour tissues confirmed Marshak’s 
findings. 

Since then a number of investigators have tried to establish a method for 
diagnosing or locating a malignant tumour, based on the selective uptake of the 
radio-element. Thus, Low-Beer (1946), Low-Beer and Bell (1956), Bhattacharya 
et al. (1953), Rigby-Jones, Smithers and Payne (1953), Das-Gupta et al. (1956) 
experimented on breast tumours; Selverstone, Solomon and Sweet (1949), 
Selverstone and White (1951), Morley and Jefferson (1952), Erickson, Larson and 
Gordon (1949) on brain tumours; Roswit, Sorrentino and Yalow (1950, 1956) 
studied testicular tumours ; Klassen et al. (1952) endothoracic malignant tumours ; 
Sturgis, DeMuylder and Meigs (1951), cervical carcinoma; Cramer and Pabst 
(1952), Cramer, Pabst and Treibs (1952), stomach and other gastro-intestinal 
tumours. Thomas, Krohmer and Storaasli (1952), Thomas et al. (1954), Dunphy 
et al. (1954), Palin and Tudway (1955), Terner, Leopold and Eisenberg (1956), 
used **P for the diagnosis of intraocular tumours. The method they used was 
based on comparing the **P uptake of the tumour either with that of adjacent 
normal tissue, or with that of the opposite normal organ, e.g. eye, breast, testis etc. 

The purpose of the present study was to determine whether selective uptake 
of *2P occurs in cancer of the cervix, and, if so, whether the progress of the cancer 
following radiotherapy can be assessed by this method. 


MATERIAL 
In the present study, 6 normal subjects and 26 patients with carcinoma of the 
cervix were investigated. Of these, 20 had received no treatment ; 6 had been 
treated by radium insertions or high voltage X-ray treatment (H.V.T.), 1-3 weeks 
previously ; 4 of these 6 had shown good clinical and histological response ; 2 
had not responded well. (For details see case reports below.) 


METHOD 


In all the 32 cases, 1 mc. of **P was administered intravenously, as ortho- 
phosphate in isotonic saline. 
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Twenty-four hours* after the administration of **P, the patients were brought 
to the theatre, and under general anaesthesia, two biopsy specimens were obtained 
from the malignant tumour of the cervix. One specimen was fixed in formalin 
and sent to the pathological laboratory for histological examination. The other 
was used for radioactivity determination. 

Special care was taken to avoid taking biopsy specimens from those cervical 


regions showing necrosis. 
The specimen used for radioactivity determination was weighed as soon as 


possible after removal and dissolved in fuming nitric acid. The radioactivity 
contained in the solution was measured in a Twentieth Century liquid Geiger-Miiller 
counter, Type M.6. Counts were determined in duplicate for 100 seconds. A 
minimum of 500 counts above background was registered. 


RESULTS 
The results of radiophosphorus determination are shown graphically in Fig. 1. 
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Fic. 1.—Activity of radiophosphorus per gramme of cervical tissue in normal subjects and in 
patients with cervical carcinoma before and after treatment with radium. Results are plotted 


in terms of age and of body weight. 1 mc. given in each case. 
* This time interval was dictated by practical consideration, as other investigations were taking 
place at the same time. 
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It will be seen that the radioactivity contained per gramme of tissue was 
appreciably higher in the 20 untreated tumour cases (mean 0-0432 + 0-0051 
(standard deviation) ywc./g. of tissue) than in the 6 normal controls (mean 0-0078 
+ 0-00192 ywe./g. of tissue). The 4 successfully treated patients gave after treat- 
ment values slightly higher than the normal controls (range 0-0145—0-0182 yc. /g. 
of tissue), but the 2 cases which had responded poorly to treatment still gave 
values as high as those of the untreated cases (0-034 and 0-039 ye./g. of tissue 
respectively). 

No relationship was shown between the **P uptake and either the weight or 
age of the patients. 


DISCUSSION 


In these studies the uptake of **P was approximately six times as great in 
untreated cervical carcinoma as in normal cervical tissue. 

The **P uptake in the cervix of the successfully treated patients was approxi- 
mately a third of that found in the tumour before treatment, but it was still 
higher than that of the normals. It is not known whether this slight increase is 
only temporary, and would return to normal in the course of time, as no investi- 
gations have been done on patients successfully treated some years ago. 

There is the possibility that the reduction in **P uptake noted after treatment 
might be due to a general response to irradiation. 

The findings in patients who showed a poor response to treatment and still 
had a high uptake, indicate that a reduction in the uptake of radiophosphorus 
following treatment is associated with the disappearance of tumour and is not an 
independent manifestation of some general response of tissues to irradiation. 

Patients of the same age group as the cancer patients were chosen for controls. 
Since most women in this group develop a form of chronic cervicitis, the **P 
uptake in cervical carcinoma was compared with that in chronic cervicitis. 

To compare the uptake of **P in a tumour with that of adjacent “ normal ” 
tissue, as has been done by previous workers, is unlikely to be accurate, since 
there is some evidence that tissues in the neighbourhood of tumours may have 
undergone pre-cancerous changes which are undetectable histologically. This 
was first suggested by Halsted (1894) in the case of breast cancer, by Schottlaender 
and Kermauner (1912) in the case of cervical carcinoma, later by Schiller (1927), 
and has been discussed recently by Novak and Novak (1956), Hertig and Younge 
(1952) and Louros (1955). 

The determination of the **P uptake in the cervix may prove to be of value for 
checking the result of radiotherapy, and perhaps also for detecting early malignant 
changes before these become evident histologically. 


SUMMARY 


1. The uptake of **P by cervical carcinoma has been studied in 20 patients 

before radiotherapy, in 6 patients after treatment and in 6 normal cervices. 

2. The malignant tissue takes up approximately six times more **P per gramme 
of tissue than the normal. 

3. In the treated carcinoma of the cervix, where the tumour has disappeared, 
the **P uptake is reduced almost to normal values. 

4. In two cases of carcinoma of the cervix, where the tumour had shown no 
response to irradiation, the **P uptake was as high as that before treatment. 
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5. Comparison of the *P uptake by malignant tumour and neighbouring 
tissues, considered as normal, may not be of significance. Although they may 
appear normal histologically, biological changes in the direction of increased cell 
activity may have already started. 

6. It was concluded that **P uptake may be useful in detecting early malignant 
change and for assessing the results of treatment. 


I am indebted to Mr. J. B. Blaikley for allowing me to investigate the patients 
under his care in the Royal Marsden Hospital and Chelsea Hospital for Women. 
treated by himself and Dr. M. Lederman, which made this investigation possible. 

The work was carried out in the Radiotherapy Department of the Institute 
of Cancer Research: Royal Cancer Hospital, under a grant from the World 
Health Organisation. 

I would like to express my gratitude to Professor D. W. Smithers in whose 
department the work was done, and to Dr. E. O. Field and Dr. E. M. Ledlie for 
their kind help, suggestions and opinions. 

I am also grateful to Dr. I. Hamlin for all her help on the histological side and 
to Dr. N. G. Trott and Mrs. G. M. Dyche for their advice on the physical aspects 
of this work. My thanks are due to Mr. J. E. Gibbs, the Chief Technician of the 
Radiobiological Section of the Department, for preparing the slides to Miss P. M. 
Andrews, the Technician of the Isotope Laboratory, and to Miss M. P. Leach 
for typing this manuscript. 
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APPENDIX 


CASE REPORTS 
A. Good response to treatment 
CasE 1.—M. R.—age 52. Weight 74 kg. 

Pathological report : “ Infiltrating squamous-cell carcinoma showing minimal 
keratinization.”’ 

A week after the first insertion (1950 mg./hr.), patient received an injection 
of 1 me. *P. Twenty-four hours later a piece was obtained from the cervix for 
histological examination. 

“* Fragment of cervical tissue showing radiation changes, but no definite 
tumour.” 
CasE 2.—E. H— age 66. Weight 50 kg. 

Pathological report: ‘‘ Squamous-cell carcinoma which exhibits a minor 
degree of keratinization.” 

At the completion of X-ray treatment patient was investigated with “P 
and a piece obtained for biopsy 24 hours later. 

“No intact tumour seen. A large proportion of the surface of the piece 
removed for biopsy is ulcerated and covered by a mass of necrotic material. 
There is a fragment of squamous epithelium present ; this and the sub- 
mucosa show irradiation effects.” 

CasE 3.—O. T— age 66. Weight 65 kg. ‘ 

Pathological report : (Vaginal lesions). ‘‘ Papillary non-keratinizing squamous- 
cell carcinoma.” 

Patient was treated by insertion of radium, 3080 mg. /hr., tubes into the uterus 
and packets into the vagina. A week later a further piece was taken for biopsy 
from the cervical lesions. 

“‘ Predominantly necrotic, haemorrhagic, amorphous material containing 
polymorphs, phagocytic cells and a few clumps of lightly staining cells, 
possibly representing tumour cells, but too few and degenerate for identi- 
fication.” 

At the same time patient had a second insertion of radium (1760 mg. /hr.). 

Two weeks later, when patient was admitted for third insertion of radium, 
she was investigated with *P, a piece being taken from the cervix for biopsy 24 
hours after the injection of the isotope. 

“ Granulation tissue only.” 
CasE 4.—A. J— age 70. Weight 43-2 kg. 

Pathological report : “ Poorly differentiated squamous-cell carcinoma.” 

At the same time patient had first insertion of radium (2090 mg./hr.). Ten 
days later she had a second insertion (1800 mg./hr.). Ten days after this she was 
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investigated with *P, a piece being taken from the cervix for biopsy 24 hours 
after injection of the isotope. 
“No residual tumour present.” 


8. Poor response to treatment 


CasE 1.—R. H— age 47. Weight 60 kg. 
Pathological report : “ Poorly differentiated squamous-cell carcinoma.” 
After the biopsy the patient had first insertion of radium (2640 mg. /hr.). 
A fortnight later another piece was taken for biopsy from the cervix : 
“ Anaplastic carcinoma showing irradiation changes.” 
and a second insertion took place (2640 mg./hr.). Two weeks later the patient 
was readmitted for a third insertion. She was given an injection of “P. Twenty- 
four hours later a further piece was taken for biopsy : 
“ Poorly differentiated carcinoma with mitotic activity.” 


CasE 2.—L. G— age 59. Weight 70 kg. 
Pathological report : ‘“‘ Fairly well differentiated squamous-cell and transitional 
cell type carcinoma.” 
Patient had two insertions of radium and was then investigated with *P and 
a piece taken for biopsy. 
“Poorly differentiated carcinoma showing degenerative changes with 
ballooned cytoplasm.” 
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THE incidence of carcinoma of the stomach in Iceland is very high compared 
with rates for England and Wales and the United States (Doll, 1956; Dungal, 
1955). The average death rate in Iceland is comparable with rates for Japan 
and for Finland. This probably depends in part on the extent to which the 
population is exposed to carcinogenic substances. The average Icelandic diet is 
rich in animal protein and fat. It consists of meat, fish, milk, large quantities of 
fat, some bread and potatoes, but little vegetables or fruit. Tinned foods are 
rarely used. 

A survey was made by one of us in 1956 to attempt to find a correlation between 
diet and stomach cancer. At one farm it was found that 4 people had died from 
carcinoma of the stomach during the past 30 years: father, son, father’s brother 
and an unrelated man. The staple food was milk, salted meat and fish, a little 
bread and some smoked meat, salmon and trout. Smoking huts were seen on 
almost all farms and both salmon and meat were smoked. Near Myvatn smoked 
trout was eaten for 8 months of the year. 

Two kinds of smoking are carried out in Iceland. Trout and mutton are smoked 
on the local farms, whereas red fish, cod and lump-fish are smoked commercially. 
The trout was salted for 24 hours and then smoked for 2-3 days with sheep dung. 
The smoked mutton was obtained from the country, where it is hung in smoking 
huts for weeks on end, sometimes being left for 8-12 weeks, and smoked with 
sheep dung. The smoking is not continuous, but may be left for one or more days 
to be started again. This kind of smoking only takes place in the country. Com- 
mercially mutton is smoked for 4-6 days with birch-sawdust anda little sheep 
dung. 

In view of the above it was decided to investigate the amounts of polycyclic 
hydrocarbons in smoked foods, which formed part of the diet of Icelanders. The 
material consisted of smoked mutton, trout, cod and red fish. 


METHOD OF ANALYSIS 


All solvents and reagents were purified as described by Commins, Cooper and 
Lindsey (1954). 1000 g. of material was extracted in a Soxhlet extractor using 
acetone as solvent and the extraction continued for about 7 hours until complete. 
The solvent was evaporated off and the extract saponified with 5 per cent alcoholic 
potash. The alcohol was distilled off and the remaining material taken up in 
cyclohexane. 

The extract was washed with water using saturated sodium chloride solution 
to break up emulsions formed. The extract was then washed in turn with 2 N 
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sulphuric acid, water, 2 N sodium hydroxide and finally water. Cloudy gelatin- 
ike substances were removed by centrifuging. The extract was evaporated down 
o a small volume and chromatographed on alumina, which had been standardized 
»y placing over 50 per cent by volume sulphuric acid in a desiccator. The column 
was eluted with cyclohexane followed by benzene and finally washed with chloro- 
form. The progress down the column of the polycyclic hydrocarbons was followed 
vy their fluorescence in ultraviolet light. The hydrocarbons were identified and 
estimated by absorption spectrophotometry using a Unicam 8.P. 500 as described 
by Cooper and Campbell (1955). 


TaBLE I.—Polycyclic Hydrocarbons in Icelandic Smoked Food 
(ug. per 1000 g. wet material) 





Trout Cod 


Acenaphthylene . ‘ . ‘ 83-0 
Fluorene : ‘ . 5 31-1 
Phenanthrene . : ; : ; 41-3 


Fluoranthene ' 
1 : 2 Benzpyrene 
3 : 4 Benzpyrene 
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RESULTS 


From Table I it will be seen that polycyclic hydrocarbons including 3: 4 
benzpyrene were found in four different types of smoked food. Smoked mutton 
and trout contained much higher proportions of all polycyclic hydrocarbons 
than smoked cod and red fish. The amount of benzpyrene estimated was very 
small, whereas large quantities of acenaphthylene and phenanthrene were found 
in smoked trout and mutton. Other hydrocarbons were present in small amounts. 

Recovery experiments were carried out using 3:4 benzpyrene ; these gave 
recoveries varying from 50—56 per cent. Hydrocarbons are probably lost in heavy 
emulsions formed after saponification, so that these results cannot be regarded as 
truly quantitative. Wynder (1957) estimated a loss of 40 per cent of 3 : 4 benz- 
pyrene from the neutral fraction of tobacco tars after washing with sodium 
carbonate. He concluded that removal of 3 : 4 benzpyrene by sodium carbonate 
was most probably due to the dispersing action of the sodium salts of fatty acids 
present in the acidic fraction of the tar. 


DISCUSSION 


The high proportion of some hydrocarbons is very striking in mutton and trout, 
both of which have been exposed to long periods of smoking in the country. Yet 
those polycyclic hydrocarbons which are found in the highest quantities, such as 
acenaphthylene, phenanthrene, fluorene and anthracene must be considered 
without carcinogenic activity. The only strong carcinogen found in the smoked 
food is 3: 4 benzpyrene, of which 2-1 ~g. was found in smoked trout. As such 
smoked trout is daily food in some localized regions for the greater part of the year, 
it might explain the frequency of gastric carcinoma in these regions. 

As to smoked mutton, which contained less, but yet appreciable amounts of 
benzpyrene, this kind of food does not belong to the daily food anywhere in Iceland. 
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It is a delicacy which is eaten on special occasions, and may then be consumed in 
great quantities by adult men. If such a meal contained as much 3 : 4 benzpyrene 
as the mainstream smoke from 100 cigarettes, even one meal may be of significance 
as @ carcinogenic agent. 


SUMMARY 


(1) 3:4 Benzpyrene has been detected and estimated in smoked mutton, 
trout and red fish. 

(2) The smoked mutton and trout, which had been smoked on the farms 
contained a higher proportion of all polycyclic hydrocarbons. 

(3) The amount of 3 : 4 benzpyrene detected in 1000 g. smoked trout and mutton 
was comparable with the amount of 3:4 benzpyrene in the mainstream smoke 
from 250 cigarettes (Gilbert and Lindsey, 1956). 


We wish to express our thanks to the Anna Fuller Fund, the British Empire 
Cancer Campaign and the Medical Research Council for grants. 
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THE polycyclic hydrocarbon content of air may be determined by analysis 
of smoke which is collected usually by filtration. When ambient atmospheres are 
sampled it is tacitly assumed that the sought hydrocarbons are present only in 
the solid phase and are not appreciably volatile at the temperature of the filter. 
In the course of recent work on air pollution by vehicle exhausts (Commins, 
Waller and Lawther, 1957), filters used to collect smoke in track and bench tests 
became hot and this observation indicated the urgent need to examine the validity 
of this method of sampling. In the investigation reported here 3,4-benzpyrene 
was the only hydrocarbon considered. 


EXPERIMENTAL 


The presence in town air of 3,4-benzpyrene in the vapour phase was sought by 
drawing filtered air through a drechsel bottle containing pure liquid paraffin. 
This solvent, in which 3,4-benzpyrene fluoresces very strongly, was used because 
the volatility of the more commonly used solvents made them unsuitable for use 
in a long experiment. The liquid paraffin was not fluorescent at the beginning 
of the experiment in which 81-6 cu.m. of air were aspirated over a period of 38 
days. The filters (Whatman No. 1) were changed every few days and the solvent 
examined regularly for fluorescence. 

When large amounts of air solids are to be collected over short periods a high 
volume sampler may be used. This apparatus consists essentially of a vacuum 
cleaner motor and fan attached to a filter holder (9 x 7 inches) and was used to 
investigate possible loss of 3,4-benzpyrene which might occur in a stream of air 
at ambient temperature. A standard solution of 3,4-benzpyrene in cyclohexane 
was prepared and 5 ml. (containing 500 ug.) was applied from a pipette uniformly 
over the surface of a sheet of glass fibre filter paper. After the solvent had evapo- 
rated the sheet was placed in the sampler behind a screening filter of the same 
material and air (at 18° C.) drawn through at a rate of 1 cu. m./minute for 2 
hours. The impregnated sheet was then removed and extracted in a Soxhlet 
apparatus with 100 ml. cyclohexane. The 3,4-benzpyrene content of the cooled 
extract was determined with a Unicam SP.500 spectrophotometer by measuring 
the absorption at wavelengths 381-5, 384-5 and 387-5 my (slit width 0-06 mm.) 
using a factor of 0-0325 per ~g./ml. (Commins, 1958). 

A series of experiments was performed in which benzpyrene was placed on 
sintered glass discs which were kept at various temperatures while air was drawn 
through at different rates. Many sintered discs (3-0 cm. diameter gas filter tubes, 
Towers 7 X 1) were impregnated with 100 ~g. 3,4-benzpyrene by slowly pipetting 
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on to them 1 ml. of a standard cyclohexane solution which was evaporated to 
ess by gentle suction. They were then kept at various temperatures (20° C., 
100° C. and 170—200° C.) whilst filtered air was drawn through them at different 
rates (0-3, 2-3 and 20 litres/minute) for various times. After treatment these 
discs, as well as the appropriate series of controls, were each extracted with 25 
ml. hot cyclohexane and the 3,4-benzpyrene content measured as described above. 
Each experiment was done in duplicate and the results expressed as mean per- 
centage recoveries of benzpyrene, calculated from the mean of recoveries from the 
control discs. 
The pressure drop across the disc was measured and found to be 2-9 cm. Hg at 
20 litres/minute : it was minute at the lower flows. 
Any loss of benzpyrene resulting from these experiments might be due to oxida- 
tion or molecular rearrangement caused by the raised temperature rather than to 
simple volatilisation, and in order to examine this possibility a filter tube with 


TaBLE I.—Recovery of 3,4-benzpyrene from Filters Kept at 100° C. 
Air flow Time Recovery Control Mean % 
(1. /min.) (ug.-) (ug-) recovery 
1 hour 86-1 Mean of 8 83-5 
84-2 = 102-0 
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100 zg. benzpyrene on its disc was sealed and heated for 100° C. for 7 hours before 
extraction. 


RESULTS 


No evidence of the existence in town air of the vapour of 3,4-benzpyrene was 
obtained from the first experiment since no fluorescent was detected in the liquid 
paraffin. In the experiment using the high volume sampler 100 per cent of the 
500 wg. benzpyrene placed on the filter was recovered after the passage through 
it of 120 cubic metres of filtered air at 18°C. No loss of 3,4-benzpyrene from 
the sintered discs was noted at room temperature after filtered air was passed 
through at a rate of 0-3 litres/minute for periods as long as 17 hours. 
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Fic. 1.—Percentage recovery of 3,4-benzpyrene from sintered 
filters at 100° C. at 3 rates of air flow. 


The results of the experiments at 100° C. are displayed in Table I and Fig. 1 
from which it can be seen that the loss of 3,4-benzpyrene is appreciable and varies 
with the rate of air flow. 

After aspirating air at 0-3 litres/minute through sintered discs kept at 170- 
200° C. no benzpyrene could be recovered after 5 minutes treatment. 

There was no loss of benzpyrene after heating 100 wg. on a sintered disc in a 
sealed filter tube at 100° C. for 7 hours. 


DISCUSSION 


The methods of sampling the ambient atmosphere for the determination of 
3,4-benzpyrene are not invalidated by this investigation but it is apparent that 
collection by filtration cannot be justified at temperatures of 100° C. and over. 
It appears that the loss of benzpyrene noted in these experiments is due not to 
oxidation or molecular rearrangement but is likely to be due to simple volatilisa- 


26 
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tion (benzpyrene has been recovered by cooling the air and scrubbing with solvents 
in some informal experiments not reported here in detaii). This volatilisation 
occurs well below its melting point (M.P. = 177° C.). 

These results are of considerable relevance to the problem of sampling hot 
gases, especially exhaust products from internal combustion engines and it would 
appear that collection of samples must be made at room temperature to avoid 
loss. 


SUMMARY 


Experiments have failed to show the presence of vapour of 3,4-benzpyrene in 
town air. 

No appreciable volatilisation of 3,4-benzpyrene occurs at room temperature 
when air is passed at rates of 1 cu. m./minute through impregnated filters for 
2 hours. Nor is there any detectable loss of the hydrocarbon after aspiration of 
air at rates of 0-3 litres/minute through impregnated sintered discs for 17 hours. 

Appreciable losses occur at 100° C. even at flow rates of 0-3 litres/minute and 
at temperatures of 170-200° C. the loss is complete after 5 minutes treatment. 

The relevance of these findings to sampling techniques is discussed. 


The authors are indebted to Mr. R. A. Atkinson, Miss R. C. Long-Brown and 
Miss P. M. Harrison for assistance with the experimental work and to Mr. R. E. 
Waller for his valuable advice. 
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In their studies on initiating and promoting agents in carcinogenesis Haran 
and Berenblum (1956) showed that papillomas of the skin could be produced in 
mice by a combination of oral treatment with urethane and painting of the skin 
with croton oil. 

At the time these studies were published we were interested in two agricultural 
chemicals related to urethane (ethyl carbamate) viz.: isopropyl-N-phenylcarbamate 
(IPC) and its chlorine derivative isopropyl-N(3-chlorophenyl) carbamate (CIPC). 
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These substances are used as herbicides and in the treatment against sprouting 
of potatoes during winter storage. As such a treatment may under particular 
conditions give rise to a measurable residue in the cooked potato (Wit, 1956) 
it seemed of interest to test these substances for initiating action in combination 
with croton oil and—following Setala’s work (Setala, Setalé and Holsti, 1954)— 
with Tween 60 (polyoxyethylene sorbitanmonostearate) as promoting agents. 

The impression gained from the literature was that IPC seemed to have a 
relatively low toxicity. Following the discovery of its blocking action on mitosis 
in plants, Haddow and Sexton (1946) have carried out experiments to find out 
whether IPC, phenyl carbamate and urethane have an inhibitory action on mitosis 
in animal cells and in particular on experimental tumours. They found with 
phenyl carbamate a transient increase of the mitotic count in the crypts of Lieber- 
kiihn in the mouse gut. Furthermore, both in spontaneous mammary cancer in 
the mouse and in the Walker rat carcinoma 256 retardation of the growth of the 
tumour was observed after treatment with these carbamates. Urethane proved 
to be the most active inhibitor. These studies led to the extensive and well-known 
therapeutic trials of carbamates in the treatment of cancer patients, in particular 
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of leukaemia. In the first report from Paterson and co-workers (1946) also, the 
use of IPC in human patients is mentioned. A more detailed study of the cytotoxic 
action of carbamates in higher animals was made by Dustin (1947). With urethane 
a decreased rate of mitosis in the intestine of the mouse was observed, which was 
accompanied by increased cellular degeneration. Little or no action of this kind 
was seen after treatment with IPC. 

Hueper (1952) found no carcinogenic action of IPC in long-term experiments 
with oral treatment in mice and rats. As a positive control urethane was used. 
Engelhorn (1954) also did not see any formation of lung adenomas from IPC in 
rats in a 15-18 months’ experiment. On the other hand he found with high 
dosages a markedly increased tendency to bronchiectasis and inflammation in the 
peribronchial tissue. 


MATERIALS AND METHODS 


The ‘“‘ Swiss ” mice (originally derived from the National Institute of Health, 
Bethesda, U.S.A.) used in this experiment were obtained from our own animal 
colonies at the age of 4-5 weeks and body weight of about 20 g. They were 
vaccinated against ectromelia two weeks before the beginning of the experiment 
by a subcutaneous injection of 0-1 ml. smallpox vaccine (own brand of the National 
Institute of Public Health). According to Salaman and Roe (1953) this treatment 
does not interfere with the experimental induction of skin tumours. The female 
animals (all virgins) were kept in metal cages, 5 to a cage; the males, singly, 
in glass jars. They were fed a diet containing 2/3 whole wheat flour, 1/3 whole 
milk powder and 0-5 per cent sodium chloride and 0-5 per cent calcium carbonate. 
Food and water were supplied ad libitum. Once a week fresh vegetables were 
given. 

IPC and CIPC were kindly furnished by Messrs. Aagrunol, Groningen. The 
melting points were respectively 84° C. and 40-41° C. The only impurities likely 
to be present would be traces of aniline or 3-chloroaniline. Urethane was a prepara- 
tion of May and Baker Ltd. Croton oil was obtained from Lamers and Indemans, 
’s-Hertogenbosch and Tween 60 from Totte and Cy., Rotterdam. 

IPC and CIPC were given by stomach tube as a suspension and urethane 
as a solution, each in 1 per cent tragacanth. The control animals received the 
tragacanth solution without carbamate. 

Croton oil was applied as a 5 per cent solution in olive oil (freshly obtained 
samples of olive oil were used throughout) on the scapular region (2-3 cm.*) 
of the skin. Tween 60 was used undiluted in the same way as the croton oil 
solution. The hairs of this region of the skin were clipped with an electric clipper 
only once, before the first treatment. By careful use of the clipper injury to the skin 
could easily be prevented. During the period of treatment practically no growth 
of hairs occurred. The control animals were clipped in the same way as the treated 
animals. 


Design of the experiment 

In this experiment IPC, CIPC and urethane were tested as initiators in com- 
bination with either of the two promotors, croton oil and Tween 60. (The combina- 
tion of CIPC—Tween 60 was not included.) Three levels of treatment were used 
for all initiators : a, 15 mg. orally once; B. 15 mg. orally ten times once a week, 
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and oc. mixed into the diet at a concentration of 0-1 per cent during 6 months. 
The first application of the promotors was begun three days after the first treat- 
ment with initiator, except in the experiment in which the initiator was given in 
the food, when the promotor was started on the same day. Croton oil was painted 
twice weekly and Tween 60 six times per week, both during six months. 

With the proper control experiments 26 groups were obtained in this way, 
each with 15 male and 15 female animals. Observations were made regularly 
on the appearance of papillomas on the treated skin area. Only the ones which 
were easily visible and of greater size than about 1 mm. diameter were counted. 

At the end of six months every treatment with initiator or promotor was 
stopped and the animals without visible tumours on the skin were killed and 
examined. 

The experiment was continued with the animals bearing tumours for an addi- 
tional ten months, to see whether the induced papillomas would remain, regress 
or develop into carcinomas. 


RESULTS 
A. The First Period of Six Months 


The oral dose of 15 mg. urethane per mouse was sufficient to produce a narcosis 
of about 5 hours’ duration, With the same dose of IPC and CIPC no such effect 
was seen. In the control groups, which were only treated with urethane, IPC or 
CIPC but without painting with promotor, none of the mice developed papil- 
lomas. When they were killed at the end of the six months a great number of the 
urethane-treated mice were found to have multiple lung adenomas. With IPC 
and CIPC a few lung adenomas occurred, but no more than the usual! frequency in 
this strain of mice. This is in agreement with the already cited study of Hueper 
(1952) on the action of IPC in mice and rats. 

Since the results of these control groups do not further contribute to the 
understanding of results with the promotor treated animals they will not be 
inserted in the following tables. 

The findings with the other control groups which only had treatment with either 
croton oil or Tween 60 and oral injection of tragacanth solution without initiator, 
are summarized in Table I and repeated for comparison in Tables III and IV. 


TaBLE I.—Urethane as Initiator with Croton Oil or Tween 60 as Promotor 


Thirty mice per group (15 females and 15 males) 
Results after six months 
Average number 
Number of Number of of papillomas 
First Second surviving mice with in animals with 
treatment treatment mice papillomas papillomas 


Control . . ‘ Croton oil 54 ‘ 22 ‘ 1 : 1-0 
Urethane 1 x ‘ 54 ‘ 28 : 15 7 2-0 
10 x . ° 27 ‘ 26 ‘ 10-2 

1 


in food . ‘ 22 ° 20 ° 7° 


27 
24 
28 
24 
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TaBLE II.—Frequency Distribution of Papillomas in Group Treated with 10 Doses 
of Urethane in Combination with Croton Oil 


Number of papillomas per animal 
—_ = 





in 
Classes . " . ‘ 1-5 6-10 10-15 =16-20 


6— 
In male animals - 3 3 4 
In female animals . . 3 3 5 
Totals . 6 6 9 


TaBLE III.—JPC as Initiator and Croton Oil or Tween 60 as Promotors 


Thirty mice per group (15 females and 15 males) 
Results after six months 
Average number 


Number of Number of of papillomas 
First Second surviving mice with in animals with 
treatment treatment mice papillomas papillomas 


Control . ‘ . Croton oil 54 ‘ 22 
IPC 1 x : F - 54 ‘ 27 
~~ we . A ie 54 ° 28 
» indiet . ‘ ma 54 . 27 


Control . ; ‘ Tween 60 161 ‘ 27 
IPC 1x ‘ ‘ 161 : 26 
ag ee * ' 161 ‘ 25 
>» indiet . " 161 : 25 


One of the croton oil-treated animals developed a single papilloma after about 
180 days and one treated with Tween 60 showed two papillomas which were found 
at 92 days after beginning of treatment. No other toxic effects were seen, with the 
exception of a distinct hyperplasia of the painted area of the skin. 

The occurrence of tumours in these control animals was no surprise. Comparable 
observations have been published by Boutwell, Bosch and Rusch (1957) with 
respect to croton oil, and by Lindsay (1955) concerning Tween 60. The influence 
of these substances may not be purely that of a promotor. Alternatively, some 
cells of the skin may have been “ initiated ’ to tumour formation by other means, 
such as ionizing radiation or some product of metabolism. 


Urethane 

The influence of urethane is also given in Table I. The high yield of papillomas, 
even with a single dose in combination with croton oil treatment, demonstrated 
the sensitivity of the method for the screening of initiating action in carbamates. 
The papillomas appeared after a latency of not less than 80 days. They were all 
benign and of 1-4 mm. diameter. Most animals had multiple papillomas, and in 
some the skin was covered with confluent masses of tumours. In such cases the 
number was reported to be 20 papillomas. 

In a few groups more animals with papillomas were counted in the females 
than in the males. In the group treated with a single dose of urethane in combina- 
tion with croton oil the difference was statistically significant (chi-square test ; 
p <.0-01). In other cases the difference in tumour yield between the sexes was 
negligible. 

One would expect a Poisson distribution for the frequency of papillomas in the 
different animals of one group. The distribution found in these experiments 
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seemed to be of a different character as shown in Table II in the case of urethane 
10 times in combination with croton oil. For simplification, animals with 1-5, 
6-10, 10-15 and 16-20 papillomas have been grouped together. 

This distribution is indeed significantly different from a Poisson distribution 
based on the same average number of tumours per animal (calculated according 
to Snedecor, 1946, p. 441). Which influence is responsible for this discrepancy is 
not known. Roe and Salaman (1955) also have observed in their material a skew 
distribution of the numbers of tumours on individual mice. 

Another interesting finding is that the tumour yield with 10 oral doses of 15 
mg. urethane is greater than the yield with 0-1 per cent urethane in the food. 
During the experimental period the latter animals, however, must have consumed 
a total dose of about 1 g. of the urethane. 

In the animals treated with Tween 60 instead of croton oil, also after a latency 
of about 90 days, numerous papillomas were obtained. There was no apparent 
difference in susceptibility between the sexes. As shown in Table [, in several 
cases the treatment with Tween 60 was less effective than the one with croton oil. 


IPC 


The results with IPC treatment are summarized in Table III. 

It appears that, in combination with croton oil and after a latency of 100-150 
days, many papillomas were obtained, especially in the case of the 10 times oral 
treatment with IPC. These IPC papillomas look exactly like the ones produced 
by urethane. A remarkable observation was the presence, in the group given 
IPC mixed in the food in combination with croton oil, of two animals which had 
20 or more tumours on their skin. The statistical treatment of these results is 
difficult in view of the small numbers in the different groups, especially the control 
groups, and also on account of the probable non-Poisson distribution (see under 
Urethane). As a first approximation the chi-square test has been applied, with the 
result that the treatment of 10 times IPC in combination with croton oil gave 
significantly more tumours than the controls with only croton oil treatment 
(p = < 0-05 and > 0-02). In the other dosages the differences in yield with the 
controls were just not significant (p = > 0-05). 

With IPC in combination with Tween 60 only small numbers of papillomas 
were found ; no more than the normal yield with Tween 60 alone. 


CIPC 


The results with CIPC in combination with croton oil are reported in Table 
IV. In the case of CIPC also, after a latency of about 90 days, there were many 


Taste IV.—CIPC as Initiator and Croton Oil and Tween 60 as Promotor 


Thirty mice per group (15 females and 15 males) 
Results after six months 
Average number 
Number of Number of of papillomas 
First Second surviving mice with in animals with 
treatment treatment : mice papillomas papillomas 


Control . " Croton oil 54 x . ‘ . 1-0 
CIPC 1x . . os 54 x A . 1-2 

«war ‘ ca 54 Xx a : 7 1-5 
‘ 1 


» indiet . . % 54 X om | 
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more tumours than in the control animals with only croton oil. The difference 
was in no case really significant according to the usual standards. In the case of 
one treatment of CIPC, tumours were only found in the female mice. The one 
tumour in the control group also occurred in a female animal. If the statistics 
are limited to the females the difference is indeed significant (p = < 0-05 and 
> 0-02). As, furthermore, many animals with CIPC treatment had multiple 
tumours (one had even more than 20) we have the unmistakable impression that 
the combination of CIPC and croton oil is also carcinogenic. 


B. The Results in the Second Period of Observation 


As mentioned before, the animals with papillomas were observed for another 
10 months, but without any treatment of initiator or promotor. The remaining 
animals were then killed and the tumours fixed for histological study. 

In Table V a summary is given of the situation after 12 and 16 months. For 
the sake of simplicity the groups which were treated with the same carbamate 
initiator, either once or ten times, or in the food were taken together. The total 
number of papillomas in the second column is higher than might be calculated 
from the preceding tables. The reason for this is that papillomas were included 
which had disappeared at the end of the first 6 months’ period or the bearer of 
which had died before the end of the same period. Furthermore, a few papillomas 
appeared after the end of the period of treatment. 


TABLE V.—Regression and Malignant Deterioration of Papillomas in the Second 


Period of Observation (No Treatment with Initiator or Promotor) 
Groups with different dosages of the same initiator have been taken together 


Total number of Number of Total number of 
papillomas which papillomas still animals with 
appeared during present at the malignant skin 
both periods end of one year tumours at the 
(6 months’ treatment (6 months after close of the 
and 10 months’ the end of experiment 
non-treatment) treatment) (16 months) 


Control Croton oil 3 1 ‘ 1 
Urethane ne ‘ 546 ‘ 36 
IPC é . 65 . 

CIPC - ‘ 40 

Control Tween 60 , 2 

Urethane iis ; 201 

IPC va n 5 


* Including three papillomas with early carcinomatous deterioration. 
+ Including one as mentioned under footnote above. 


It is obvious from Table V that most papillomas regress completely when 
treatment of the skin with promotor has stopped. A few of the remaining papil- 
lomas deteriorate into malignant tumours. This has happened in about 2-5 per 
cent of the total number of original papillomas, in the urethane-croton oil groups 
as well as in the urethane-Tween 60 groups. The rate of tumour incidence in the 
IPC and CIPC animals is too small to expect development of many malignant 
tumours. The tendency, however, is present as shown by one animal in the CIPC- 
croton oil group with two malignant squamous cell carcinomas on the treated 
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skin area and two animals in the 10 x IPC-croton oil group with malignant 
tumours, one squamous cell carcinoma and one sarcoma respectively. The 
malignant tumours produced by urethane were found to be both sarcomas and 
carcinomas, several of which had metastasized to the lungs, lymph nodes or 
kidneys. 

Another feature of the pathological-anatomical study of the animals with and 
without skin timours is that many of the mice which had been treated with 
urethane had developed a chronic glomerulo-nephritis or glomerulitis. 


DISCUSSION 


The results indicate that IPC and CIPC have the same tumour initiating 
property as urethane, but to a much lesser degree. These two carbamates had no 
effect on the incidence of lung adenomas. 

The uncertain qualitative relation of the particular variety of experimental 
carcinogenesis used in this study with human cancer makes it difficult to judge 
the result in terms of human hazard from the agricultural use of these substances. 
But not only the qualitative aspect but also the quantitative dose-response 
relation is not sufficiently well established to appreciate from these experiments 
the importance of the extremely small amounts of IPC and CIPC that might be 
ingested by man as a result of their application for the control of potato-sprouting. 

There is ample evidence (Berenblum and Shubik, 1949; Salaman and Roe, 
1953 ; Berenblum and Haran-Ghera, 1957) that the initiating action of urethane 
is irreversible in so far that the application of croton oil to the skin may be postponed 
for many weeks after the administration of urethane and still papillomas will 
develop. This would imply that, if effects occur, such effects of repeated doses 
of urethane will be summated. Berenblum and Haran-Ghera (1957) have studied 
the initiating effect of a single oral dose of urethane in comparison with divided 
doses of the same total amount. Their results seem to indicate a decreased 
efficiency in the case of 20 times 3-2 mg. and 5 times 13 mg. compared to 2 times 
32 mg. or a single dose of 64 mg. urethane. They conclude “ No consistent pro- 
gression in response in passing from 1—20 doses was discernible ”’. 

Since a better understanding of the quantitative aspects of tumour initiation 
by carbamates is fundamental to our attitude towards the hazard from the daily 
ingestion of small amounts of IPC and CIPC by man, further experiments with 
urethane are being made with special emphasis on the dose-response relationship. 

The unmistakable positive result with Tween 60 as a promoting agent in 
combination with urethane are a confirmation of Setala’s findings (Setala, Setala 
and Holsti, 1954). In combination with IPC and CIPC negative results were 
obtained. Undiluted Tween 60 seems to be a less potent promotor than a 5 per 
cent solution of croton oil in olive oil. 


SUMMARY 


In experiments using mice with urethane, isopropyl-N-phenyl carbamate 
(IPC) and isopropyl-N-(3-chlorophenyl) carbamate (CIPC) as initiators in com- 
bination with croton oil painting on the skin as promotor, it has been shown that 
IPC and CIPC have weak initiating action of the same nature as that of urethane. 

When Tween 60 was used as promotor instead of croton oil, papillomas were 
only produced with urethane. 
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In control experiments without initiator both with croton oil and Tween 60 
a few papillomas were found. Most of the papillomas which were produced disap- 
peared when the treatment of the skin with promotor was stopped. About 2-5 
per cent, however, underwent a malignant deterioration. 

The difficulties of a qualitative and quantitative nature in the interpretation 
of the results in view of the agricultural use of IPC and CIPC are discussed. 
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A TECHNIQUE based on that of Gessler, Bender and Parkinson (1956) has 
recently been used to prepare suspensions of the Rous virus from egg-grown 
nodules of Rous tumour (Epstein, 1958a). A fluorocarbon treatment was employed 
and yielded virus suspensions which were almost entirely free of recognisable 
formed host cell constituents but which nevertheless contained other host sub- 
stances. This was shown by subjecting suspensions to high speed centrifugation 
and sectioning the resulting pellets for examination in the electron microscope. 
The pellets consisted of a firm white zone composed of uniform spherical particles 
about 75 my in diameter whose viral nature was established by biological tests 
done in parallel with the morphological experiments ; there was, in addition, 
a gelatinous region in each pellet having a typical fuzzy appearance (Epstein, 
1958a). A very similar jelly has been found in pellets made from fluorocarbon- 
treated suspensions of egg-grown vaccinia virus (Epstein, 1958+) and major 
constituents of this jelly have been shown to be deoxyribonucleic acid together 
with neutral polysaccharide (Holt and Epstein, 1958). 

Since the Rous virus contains a different type of nucleic acid (Bather, 1957) 
from that of vaccinia virus (Hoagland, Lavin, Smadel and Rivers, 1940) it was 
considered important to determine whether the jelly isolated with it contained 
free nucleic acid, and if so, how this compared with that found in association 
with similarly prepared vaccinia virus. Since too, the purified Rous virus particles 
which formed the white zones of the pellets afforded ideal material for work on 
the composition of this virus, it was decided to investigate all regions of the 
pellets. 

Experiments have accordingly been made in which pellets have been pre- 
pared as before from fluorocarbon-treated suspensions of egg-grown Rous virus. 
Samples of the gelatinous and the virus zones of the pellets have been taken for 
examination by electron microscopy before and after enzyme digestion, and for 
cytochemical study. In addition, cytochemical tests have been carried out on 
drops of the suspensions which had been allowed to dry on slides. Permanganate 
fixation (Luft, 1956) has been used in making preparations for electron microscopy 
since preliminary trials had shown that virus material fixed in this way was 
susceptible to digestion with ribonuclease whereas similar material fixed with 
the more widely used buffered osmium-sucrose (Palade, 1952; Caulfield, 1957) 
was not. 

The present paper reports the results which have been obtained in integrated 
electron microscopical and cytochemical investigations into the nature of the 





364 M. A. EPSTEIN AND 8. J. HOLT 


substances forming the gelatinous material remaining associated with egg-grown 
Rous virus treated with fluorocarbon, and into the composition of the virus 
itself. 


MATERIALS AND METHODS 
Preparation of pellets 
Suspensions of the Rous virus were made from nodules of Rous tumour 
grown on the chorio-allantoic membranes of 8 to 9 day old chick embryos, 
by seven treatments with fluorocarbon and pellets were then prepared from them ; 
the methods used have been described in detail elsewhere (Epstein, 1958a and 6). 


Electron microscopy 

Samples were taken from the pellets and were permanganate-fixed, embedded, 
sectioned and examined with the electron microscope as in previous work (Epstein, 
1958). 

In addition, samples from the virus-containing white zones of pellets were 
fixed, taken through 30 per cent ethyl alcohol until the stage at which they 
reached room temperature, treated with ribonuclease (RNase) and then prepared 
for electron microscopy. Both the method of enzyme digestion and the controls 
used are described below. 


Cytochemistry 

Taking of samples.—Samples of the pellets, taken exactly as those used for 
electron microscopy, were smeared in streaks on to spirit-cleaned microscope 
slides with a lachrymal sac knife and allowed to dry at room temperature. Samples 
were also taken from the virus suspensions after the final treatment with fluoro- 
carbon and drops of these were placed on spirit-cleaned slides and likewise allowed 
to dry at room temperature. 

Tests—(1) The Feulgen reaction with and without digestion with deoxy- 
ribonuclease (DNase). 

(2) The periodic acid-Schiff (PAS) reaction. These two tests were done in 
exactly the same way as in previous work (Holt and Epstein, 1958). 

(3) Enzyme digestions with RNase and DNase and their controls were carried 
out as already described (Holt and Epstein, 1958) except that_30 per cent ethyl 
alcohol was used as solvent. Preliminary tests showed that the enzymes were 
fully active in this medium. 

For the RNase digestions, material was fixed in 4 per cent acetic acid saturated 
with mercuric chloride, whereas Carnoy fixation was used for material to be 
treated with DNase. 

(4) Acridine orange staining for fluorescence microscopy of nucleic acids was 
done as described by Armstrong (1956) except that, with the sample of dye 
available (G. T. Gurr Ltd., London, 8.W.6, Batch No. 09177), a pH of 4-2 was 
found to give optimal results. 


Fluorescence microscopy 

A Leitz “‘ Ortholux ” research microscope was used, fitted with an integral 
illuminating system utilising a Philips high pressure mercury-vapour lamp 
(type CS 150) and appropriate filters for isolating different excitation wave- 
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lengths. In general, a band centred about a wave-length of 400 my, isolated 
by means of an 8 mm. filter (Schott, type BG 12), was directed upon the specimen 
by means of a dark ground condenser (N.A. 0-8) as recommended by Barnard 
and Welch (1936) and by Armstrong (1956). All the oculars were used in conjunc- 
tion with 2-5 mm. filters (Schott, type OG 1) in order to suppress ail light other 
than that from the fluorescing object. This system was not improved by the 
insertion of the usual filter of copper sulphate solution between the light source 
and condenser. 

For photographing the fluorescence Kodak Ektachrome E 135F reversal 
colour film gave better colour rendering than colour films balanced for artificial 
light or daylight. A Leica camera body and Leitz MIKAS photomicrographic 
attachments were used with exposures of the order of 10 to 20 seconds. 


Experimental procedure 

In each experiment a fluorocarbon-treated suspension of the Rous virus was 
prepared and a pellet was made from it. During this procedure samples were 
taken from the suspension, the gelatinous region of the pellet and from the virus- 
containing white zone of the pellet. 

The samples of jelly were examined in the electron microscope and by light 
microscopy after being subjected to the Feulgen reaction before and after DNase 
digestion, and to the PAS reaction. Similar samples were also stained with 
acridine orange before and after RNase digestion and examined by fluorescence 
microscopy. 

The samples of the virus-containing white zones of the pellets were examined 
in the electron microscope after treatment with RNase or after treatment with 


enzyme-free control solutions. Other samples of this type were stained with 
acridine orange, either directly, or after treatment with RNase or the control 
solutions. 

The samples of the virus suspensions were likewise stained with acridine 
orange, directly, after application of the enzyme, or after the control treatment. 


RESULTS 

Electron microscopy 

Pellet jelly —The appearance and fine structure of samples taken from the 
gelatinous regions of the pellets have already been described (Epstein, 1958a). 

Virus.—The incubation procedure applied to the virus-containing samples 
of the dense white zones of the pellets made the particles appear rather ragged 
and extracted (Fig. 1, 2 and 3). Nevertheless, the control preparations which 
were incubated in enzyme-free 30 per cent alcohol were composed of particles 
in which the outer limiting membrane and central, electron-dense nucleoid 
remained intact (Fig. 1). In contrast, particles which had been subjected to RNase 
digestion had their nucleoids removed and often showed an empty space in the 
central area (Fig. 2 and 3). The enzyme digestion did not affect the outer double 
limiting membrane or the viroplasm (Fig. 2 and 3) and in those instances where 
it had proceeded to a suitable extent, the fine membrane separating the nucleoid 
from the viroplasm (Epstein, 1957) could be clearly seen (Fig. 3). The enzyme 
digested particles always appeared slightly swollen (Fig. 2 and 3) whereas those 
incubated in the control solution were of normal size (Fig. 1). 
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Cytochemistry 

Pellet jelly—A positive Feulgen reaction was obtained with smears of jelly 
fixed in Carnoy or permanganate ; an open network of Feulgen positive strands 
was present (Fig. 4). Smears which had been incubated with DNase before 
Feulgen staining did not show this network. 

The PAS reaction gave an intensely positive result exactly comparable to 
that obtained with jelly from fluorocarbon-treated vaccinia virus pellets (Holt 
and Epstein, 1958). 

After acridine orange staining the smears of jelly exhibited an orange-red 
fluorescence with islands of green fluorescence here and there; this was seen 
with both Carnoy-fixed material and with that fixed with the mercury acetic 
solution. When Carnoy-fixed material was digested with DNase and then stained 
with acridine orange, the green fluorescence of these islands was not diminished. 
RNase digestion before the acridine orange staining, failed to reduce the red 
fluorescence of mercury acetic-fixed material. 

Virus.—Smears of the virus-containing white zones of the pellets gave an 
intense orange-red fluorescence after acridine orange staining. Thicker areas 
of such smears were unaffected by RNase digestion before the staining, but the 
thinner areas were digested by the enzyme and thereafter showed a pale green 
colour. 

A similar but much more uniform result was obtained with the dried drops 
of virus suspension. An intense orange-red fluorescence (Fig. 5) followed direct 
staining, whereas treatment with RNase before the staining caused the thin 
areas of the samples to fluoresce pale green, with a slight tendency towards 


yellow in the thicker parts (Fig. 6). Control preparations treated with the enzyme- 
free medium alone showed the same intense orange-red fluorescence when stained 
(Fig. 7) as the directly stained untreated preparations (Fig. 5). 


DISCUSSION 


Permanganate fixation (Luft, 1956) has been used in the present work because 
preliminary trials had shown that virus material fixed in this way was susceptible 
to digestion with RNase. This is a point of some interest since material fixed 
with the more usual osmium fixative (Palade, 1952) for electron microscopy 
remained unaffected by this enzyme. An exactly comparable finding with regard 
to these two fixatives and DNase digestion has already been noted elsewhere 
(Holt and Epstein, 1958). 

Good preservation for electron microscopy of specimens fixed in permanganate 
requires that fixation should be followed by treatment with iced 30 per cent 
alcohol, followed in turn by fresh iced 30 per cent alcohol which is allowed to 
warm to room temperature before continuing with dehydration (Luft, 1956). 
Because of this requirement the RNase digestions of the present experiments 
were done in a medium of 30 per cent alcohol, it having been found that this 
medium did not impair the activity of the enzyme. Aqueous or 30 per cent alcoholic 
solutions of RNase were equally effective in reducing the basophilia of sections 
of mercury acetic-fixed rat tissues. 

The use of the 30 per cent alcohol thus enabled the RNase digestions to be 
performed on samples of virus for electron microscopy without departing sub- 
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stantially from the sequence of treatments recommended to follow permanganate 
fixation for the best preservation of specimens (Luft, 1956). 

Turning to the results which have been obtained, the Rous virus was left 
in a relatively good state of preservation in control experiments in which it was 
incubated at 37° C. for 2 hours in the dilute alcohol alone (Fig. 1). Although 
there was evidence of loss of substance by extraction (Porter and Kallman, 1953 ; 
Epstein, 1955), the overall fine structure of the particles compared well with that 
of Rous particles fixed and embedded directly (Epstein, 1958a); the outer 
limiting membrane and central electron-dense nucleoid remained intact (Fig. 1). 

In marked contrast to this the nucleoids were absent in particles which had 
been incubated with RNase (Fig. 2). The enzymic digestion did not affect the 
outer limiting membrane or the viroplasm (Fig. 2 and 3) ; since only the nucleoids 
responded to the digestion, and in view of the specificity of the RNase (protease- 
free) and the findings of the control experiments, this demonstrates unequivocally 
that the Rous virus contains a substantial amount of RNA localized in the 
nucleoid. 

It has been possible successfully to show this in the present experiments 
because the RNA has been preserved in permanganate-fixed Rous virus particles. 
Luft (1956) pointed out when he first described this method of fixation, that the 
15 my ribonucleoprotein particles usually found in the cytoplasm of animal 
cells were not preserved. The retention of RNA by the Rous virus during perman- 
ganate fixation might have been due either to a difference in chemical organisation 
of the structure containing this nucleic acid or to protection of the latter by the 
membranes or other parts of the virus particles. 

With regard to the slight swelling of the enzyme-treated Rous particles which 
was observed, the appearance they presented was such as to suggest that some 
central bracing structure might have been removed. 

The results obtained in the application of acridine orange staining and fluores- 
cence microscopy support the findings of the electron microscopy experiments 
concerning the nature of the nucleic acid in the Rous virus. Although light 
microscopy cannot, of course, resolve individual Rous virus particles, the overall 
fluorescence response obtained with and without RNase digestion, reflects the 
response of these individual particles to the acridine orange staining. When 
stained in this way, RNA-containing structures usually exhibit an orange-red 
fluorescence (Armstrong, 1956; Bertalanffy and Bickis, 1956), but such fluores- 
cence is not specifically diagnostic for the presence of RNA unless it is abolished 
by RNase treatment before staining. Thus, the presence of RNA in the Rous 
virus has now been confirmed by the intense orange-red fluorescence of the virus 
when stained with acridine orange (Fig. 5), by the absence of such fluorescence 
after RNase digestion (Fig. 6) and by the retention of the orange-red fluorescence 
in control preparations which had been treated with the enzyme-free medium 
alone (Fig. 7). 

The red fluorescence of acridine orange-stained mercury acetic-fixed smears 
of pellet jelly cannot be ascribed to the presence of RNA, since prolonged incu- 
bation in RNase solution before staining did not affect the result. Similarly, the 
islands in the jelly which fluoresced green after acridine orange staining could 
not have been due to DNA, which normally gives this fluorescence colour, for not 
only did DNase treatment of Carnoy-fixed jelly not reduce the intensity of the 
green fluorescence, but the distribution of the islands was altogether different 
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from the known distribution of DNA in the jelly (Fig. 4). This type of non-specific 
fluorescence must always be considered when interpreting the results of acridine 
orange staining techniques. 

The fact that the jelly stained intensely after application of the PAS reaction 
indicates the presence in the material of a high concentration of polysaccharide. 
This is probably identical with the material detected in the jelly isolated 
together with fluorocarbon-treated vaccinia virus from the chick chorio-allantois, 
and in the jelly isolated from normal chorio-allantoic membranes treated in the 
same way. The significance and probable origin of this material has been discussed 
elsewhere (Holt and Epstein, 1958). 

The positive results given by the jelly when subjected to the Feulgen reaction 
were identical with those found with the jelly associated with fluorocarbon- 
treated vaccinia virus grown on the chick chorio-allantois (Epstein, 19586 ; 
Holt and Epstein, 1958). As was the case with the jelly of the vaccinia material 
(Holt and Epstein, 1958), so here the Feulgen positive network in the jelly from 
the Rous pellets (Fig. 4) indicates the presence of DNA in strands ; confirmation 
of this is given by the absence of such a stained network when the Feulgen 
reaction was applied after DNase digestion. 

This finding is of particular importance since the Rous virus contains RNA, 
whereas the previous example of DNA in jelly associated with fluorocarbon- 
treated virus concerned vaccinia virus (Holt and Epstein, 1958) which contains 
DNA (Hoagland, Lavin, Smadel and Rivers, 1940). It has already been shown 
that DNA is not present in jelly prepared from fluorocarbon-treated uninfected 
chick chorio-allantoic membranes (Holt and Epstein, 1958). Its presence, there- 





EXPLANATION OF PLATES 


Fic. 1-3.—Electron micrographs of sections cut through permanganate fixed samples of the 
virus-containing dense white zones of pellets prepared from fluorocarbon-treated Rous virus 
suspensions. 

Fic. 1.—Survey picture of a control sample which had been incubated for 2 hours at 37° C 
in 30 per cent alcohol. The spherical virus particles about 75 my in diameter appear 
ragged and somewhat extracted; however, their outer limiting membranes and 
electron-dense nucleoids are intact and clearly visible. x 70,000. 

Fic. 2.—Survey picture of a sample which had been incubated as that shown in Fig. 1 
except that the alcohol contained RNase. The nucleoid has been removed from each 
particle whereas the viroplasm and outer limiting membrane has not been affected. 
The particles appear slightly swollen as if some central bracing structure had been 
removed. xX 70,000. 

Fic. 3.—Small area of a sample which had been subjected to RNase digestion, showing the 
particles in greater detail. The double nature of the outer limiting membrane can be seen 
as well as various stages of digestion of the nucleoids. Where digestion has proceeded to 
a suitable extent (arrow) the membrane separating the nucleoid from the viroplasm is 
apparent. x 130,000. 

Fic. 4.—Photomicrograph showing Feulgen-stained network of DNA-containing strands in 
smear from the gelatinous region of a pellet prepared from a fluorocarbon-treated suspension 
of Rous virus grown on the chick chorio-allantois. x 350. 

Fic. 5-7.—Fluorescence photomicrographs of acridine orange-stain dried drops of fluoro- 
carbon-treated Rous virus suspension. xX 350. 

Fic. 5.—Intense orange-red fluorescence characteristic of RNA. 

Fic. 6.—As Fig. 5, but stained after RNase digestion. The orange-red fluorescence has been 
abolished and only a faint green fluorescence remains, except in the thicker regions of 
the preparation which show a pale yellowish colour. The latter is probably accounted 
for by the presence of dispersed components of the jelly which accompanies the virus in 
this material, for wondoect oy DNA, which gives a yellow-green fluorescence when stained with 
with acridine orange. 

Fic. 7.—As Fig. 5, but stained after treatment with the enzyme-free medium. 
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fore, in the jelly of pellets from fluorocarbon-treated membranes on which viruses 
of either RNA or DNA type had been grown indicates that the formation of DNA 
is a phenomenon directly connected with infection of the cells by viruses. The 
significance of this in respect to the process of virus multiplication has already 
been considered elsewhere (Holt and Epstein, 1958). 


SUMMARY 


Experiments are described which were designed to investigate the composition 
of the Rous virus as well as the nature of the jelly found in pellets made from 
suspensions of fluorocarbon-treated Rous tumour nodules grown on the chick 
chorio-allantois. 

Pellets were prepared and samples taken from both the virus-containing 
zones and from the gelatinous zones. 

The samples have been examined with the electron microscope, by fluorescence 
microscopy after acridine orange staining and by light microscopy after other 
cytochemical tests. Treatment with specific nucleases or enzyme-free control 
media has been included in each phase of the work. 

The results show that the Rous virus particle contains a substantial amount 
of ribonucleic acid and observations made with the electron microscope have 
demonstrated its localization in the nucleoid. 

The jelly has been found to contain host cell deoxyribonucleic acid and a 
strongly PAS positive polysaccharide as major constituents ; these substances 
formed an intermeshed network. 


The expenses of this investigation were borne by the British Empire Cancer 
Campaign. 
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IN animal experiments with different tumours a relationship has been found 
between the predominant number of chromosomes and the transplantability of 
the tumour cells (Hauschka and Levan, 1953; Hauschka, 1953; Hauschka 
and Schultz, 1954; Hauschka, Kvedar, Grinnell and Amos, 1956; Sachs and 
Gallily, 1956). The host specificity seems to be inversely proportional to the 
chromosome number of the malignant cells. 

Further, in consequence of adaptation of tumours to hosts of different genetic 
constitution an upward shift of modal chromosome numbers has been demon- 
strated (Koprowski, Theis and Love, 1956). This might be explained by a selection 
of cells with high chromosome numbers, as these absorb antibodies to a less 
degree than cells with lower chromosome numbers (Amos, 1956). But the conditions 
of an adaptation may also cause genetic changes in the tumour cells (Feldman 
and Sachs, 1958), and perhaps also stimulate transformations of the latter into 
cells which are completely compatible with the new surroundings. 

The aim of the present study has therefore been to examine whether it was 
possible to adapt the mouse ascites tumour H.A.1 to a foreign species of animal, 
and, if so, to search for eventual alterations in the chromosome picture. 

The ascites tumour H.A.1, which arose in cortisone treated white mice of the 
Bagg strain inoculated with human ascitic fluid containing tumour cells (Iversen, 
1956, 1958), has up till now (July, 1958) been propagated through more than 130 
transfer generations in untreated mice of the strain mentioned. The tumour is 
highly strain-unspecific and fast-growing, and already after the first two passages 
in cortisone treated mice, cells with apparent human characteristics disappeared 
and only cells with murine chromosomes were seen. Simultaneously the ascites 
tumour could also be carried in untreated animals. It might therefore be that a 
further chromosome alteration would take place if the tumour could be adapted 
to a new heterologous host. 

In preliminary experiments it appeared that the cells in the ascites tumour 
were able to proliferate in roentgen irradiated rabbits, guinea-pigs and rats as 
well as in cortisone treated rats. However, the proliferation was most vigorous 
iu rabbits and rats. Chiefly for economical reasons, rats were the species chosen 
for the following experiments. 


MATERIAL AND METHODS 


At the beginning of the present investigation, the ascites tumour H.A.1 had 
been carried through 50 passages in untreated white mice of the Bagg strain, 
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and all the time the tumour cells had shown a triploid stem line number of chromo- 
somes with definite murine morphology (Iversen, 1958). 

Inoculations were given intraperitoneally to female white rats of the so-called 
VS strain bred at the Danish State Serum Institute in Copenhagen ; the animals 
were two to three months old and weighed about 200 g. Ascitic fluid was always 
inoculated immediately after tapping of the donor animal, and in quantities of 
1-5 ml./rat. In the initial transmission from mice to rats the number of tumour 
cells in the ascitic fluid was 25 million/ml., and the mitotic index was 3-5 per cent. 

The rats were “conditioned”, either by universal roentgen irradiation 24 
hours before inoculations (dosage varying between 480 r and 280 r; 180 kilovolt, 
6 milliamp., 0-5 mm. Cu-filter, HVL 1-0 mm. Cu) or by cortisone treatment, 
beginning 4 days prior to transplantation and continuing with daily doses of 
10 mg. /rat—also after the transmission. 

In the rat passages of the ascites tumour, transplantations were undertaken 
every 8th day, and for each transfer generation, five treated animals were used. 
At every fifth passage five untreated rats were also inoculated. 

Every fourth day abdominal punctures were done on each animal, and a 
few drops of the fluid present examined in both haematoxylin-eosin stained 
samples and aceto-orcein stained squash preparations after the method of Levan 
and Hauschka (195?) for chromosome studies. 

Mice and rats were kept in separate rooms. 


RESULTS 


To find a “ starting dose ” of irradiation and cortisone by which the ascites 
tumour was able to grow in the rats, one series of animals were irradiated with 


increasing roentgen doses, and one series of rats with different doses of cortisone 
(Table I). It appeared that on the 8th day after transmission ascites tumours had 
developed in the animals pretreated with respectively 440 r and 480 r, but most 
vigorous growth with the latter dose. A lower dose than 440 r was inadequate to 
give tumour growth,and in a group of five untreated rats no tumour cell prolifera- 
tion was detected. In the groups treated with cortisone a progressive growth of 


TaBLE I1.—Growth of the Mouse. Ascites Tumour H.A.1 in Rats ‘“‘ Conditioned” 
with either Whole Body Roentgen Irradiation in Different Doses on the Day 
Prior to Transplantation, or Daily Subcutaneous Injections of Cortisone, also 
in Varying Doses 

Number of Ascites tumour 
rats Treatment at the 8th day 


280 r 


+ (4/5) 
++ (5/5) 


-t 


; : (3/5) 
, +-+ (5/5) 
. 12 % e ++ (5/5) 


(The number of plus signs indicates the rapidity of tumour cell proliferation) 


AAA Aaacaaa oan 
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the tumour took place in the animals treated with daily doses of at least 8 mg., 
but after 10 to 15 days such large hormone doses weakened the animals to such an 
extent that they often succumbed to different infectious diseases. Apparently, 
also the tumour cell proliferation was highly compromised by the doses mentioned, 
as the ascites tumours on the 8th day were only about half the size of the tumours 
in the irradiated animals. Consequently, as a means of maintaining the ascites 
tumour in rat passages, cortisone treatment was abandoned, and in the following 
experiments only roentgen irradiation was used. A “starting dose” of 480 r 
was chosen. 


Irradiation dose 








Number of dead rats 





ea ee ee a 
0 $30 40 50 60 7 80 
Rat passage number 


Fic. 1.—Mortality rate during the 82 rat passages (5 rats/passage) of the ascites tumour H.A.1. 
The number of dead rats is summed up at every 5th passage. Dot-and-dash line indicates 
the different irradiation doses. 





The fate of the ascites tumour on lowering the irradiation dose 


After two relatively unsuccessful experiments, where the ascites tumour 
could only be carried through six and three passages respectively, a permanent 
rat line of the tumour was established in the third attempt. By transplanting the 
tumour every 8th day it was carried through 82 rat passages (over more than 
1} years). 

In the first ten passages, where an irradiation dose of 480 r was used, the growth 
of the ascites tumour became gradually more vigorous, indicated by more rapid 
ascites formation, larger amounts of ascites, and also by increasing mitotic indices. 
On the 8th day after transmission the mean mitotic index rose from 2-6 per cent 
in the first passage to 3-1 per cent in the ninth passage (estimated on the basis of 
500 cells, i.e. 100 malignant cells from each of the animals). 

The irradiation dose thereafter was lowered at every tenth passage, but to 
secure the tumour against extinction, another group of animals was simultaneously 
pretreated with the previous irradiation dose. In this way an irradiation dose 
of 280 r was reached after 50 rat passages (Fig. 1), and in this whole period the 
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tumour grew extremely vigorously. From the 10th to the 50th rat passage the 
mitotic indices on the 8th day after inoculation were constantly around 3-0 per 
cent, and at the same time the quantity of ascitic fluid in each animal was estimated 
to be between 50 and 70 ml. (Fig. 2) with contents of malignant cells of about 
20 million/ml. (ranging from 12 to 27 million/ml.). 

In the animals which did not die from the tumour formation, the amount of 
ascitic fluid began to decrease, usually between the 8th and the 12th day after 
transmission, and tumour regression was always complete within twenty days of 
the transplantation. 

As the regression proceeded the ascites tumour was more and more mixed 
with lymphocytes and leukocytes, while the number of tumour cells was reduced. 

The mortality rate showed a transient fall between the 10th and the 20th 
passage, presumably because of the reduced irradiation dose, but for the rest of 
the exprimental period mortality increased steadily. finally reaching nearly 50 
per cent (Fig. 1). In most cases the cause of death undoubtedly was due chiefly 
to the malignant growth, as the autopsies, apart from the ascitic fluid, disclosed 
solid and semisolid tumour masses surrounding the abdominal organs (Fig. 3), 
and often infiltrating these (Fig. 4-5). 

By lowering the irradiation dose to 240 r the tumour cells proliferated for only 
two to three days, and none of the rats injected died, while in the animals simul- 
taneously treated with 280 r the proliferation was extremely powerful. 

In untreated rats the transplantations never resulted in tumour growth. 

At the 70th and the 80th rat passage the irradiation dose was also lowered 
from 280 r to 240 r, but in no case did the tumour grow. 

From the 50th to the 82nd passage the tumour was maintained in rats pretreated 
with 280 r, which all the time gave a vigorous tumour cell proliferation and a 
mortality rate of about 50 per cent. 

At the 60th passage a parallel experiment was performed by inoculating rats 
exposed to different irradiation pretreatment with tumour cells from the mouse 
line of the H.A.1. Again groups of rats (5 in each) received a pretreatment of 
respectively 280, 320, 360, 400, 440 and 480 r, and on an analogy with the results 
from the initial experiment, the tumour was able to grow only in the animals 
which had received 440 and 480 r respectively. By this time, however, the rat 
line of the ascites tumour had been carried in 60 transfer generations, and was able 
to proliferate in animals exposed to considerably less irradiation dose, and in 
these the growth was even faster and more fatal to the animals. Most likely, the 
ascites tumour through the many rat passages must have obtained a certain degree 
of adaptation. 

As it will appear later, back-transfers to mice were often performed, and the 
takes and mortality were always 100 per cent. 


Cytological examinations 

Already in the first rat passage a tendency to increased chromosome number 
in the dominant number of tumour cells was observed. After a few further rat 
passages this tendency became still more prominent, and at the 5th transfer 
generation in rats a count of the chromosomes in 50 tumour cells showed a stem- 
line number between 80 and 90, with a variation from about 50 to 180. This shift 
from triploidy to tetraploidy (Fig. 6a, b) corresponded to an increased nuclear 
size of the tumour cells. The changed modality persisted throughout the many 
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passages of the tumour in rats. Hypertetraploid chromosome numbers were often 
present, but their frequency was not estimated to be higher than in the original 


H.A.1 tumour. 
As to the chromosome morphology, no gross changes were seen in any of the 
numerous rat passages of the ascites tumour. The chromosomes maintained the 


general type of murine chromosomes (Fig. 7). V-shaped chromosomes were not 
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Fic. 6a.—Distribution of chromosome number in 74 cells from the 52nd mouse passage of 
the ascites tumour H.A.1. A triploid stem line number is seen. 
Fie. 6b.—Distribution of chromosome number in 81 cells from the 9th rat passage of the 
ascites tumour H.A.1, demonstrating a tetraploid stem line number. 














seen. The author, however, has not felt competent to undertake a more exact 
analysis of the chromosome structure. 

After back-transfers to untreated mice, which were carried out at every 5th 
rat passage, a reduction of the chromosome number and the average cell size 
always took place. The chromosome distribution assumed the characteristics of 
the original H.A.1 tumour. Also, concerning the growth rate and the mortality 
pattern, the back-transferred tumours were in full accordance with the tumour 


held in mouse passages only. 
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In the animals from the 70th, the 7lst and the 72nd rat passages, where 
the malignant growth had regressed, a secondary inoculation was performed one 
month after the primary and after pretreatment (480 r) on the day before trans- 
mission, but the rats were found to be immune. 

All rats surviving the tumour inoculation were killed after three months ; 
in no cases could tumour tissue or other pathological changes be demonstrated. 


DISCUSSION AND CONCLUSIONS 


It is known that the chromosome morphology in tumour cells can be changed 
by a variety of cytologic mechanisms (Levan, 1956), and that genetic changes are 
observed following adaptation of tumours (Feldman and Sachs, 1958). 

Changes in the dominant number of chromosomes can be seen after heterologous 
transplantations of ascites tumours. Perhaps an increased number results most 
frequently (Koprowski, Theis and Love, 1956), but also reductions in the chromo- 
some number might take place (Ising, 1955). The usual invariable equilibrium 
between the genetically different cells in transplantation tumours (Levan and 
Hauschka, 1952; Hauschka and Levan, 1953) might thus be interferred with 
by alterations in the surroundings. 

Also in the present work a distinct increase in the dominant number of chromo- 
somes was seen after transplantation of the ascites tumour H.A.1 from mouse to 
rat. Simultaneously the tumour to some extent was adapted to the new host, 
indicated by increased mortality rate among the rats in spite of gradually reduced 
irradiation pretreatment during the passages. The chromosome structure, however, 
was apparently not changed. After back-transfers to mice the ascites tumour 
behaved like the mouse-carried line and at the same time the chromosome number 
was reduced to the original level. It might therefore be assumed that it was the 
same type of tumour cells which grew in both the animal species, but that a 
selection might have occurred among the tumour cells in the rats in favour of 
cells with a higher degree of polyploidy. 

A selection, however, is probably only a step on the way to real adaptation, 
the completion of which seems to require also some sort of tumour cell transforma- 
tion. Possibly some assisting factor or agent plays a part in such a transforming 
process, which might lead to an exchange of cell proteins and finally to chromosomes 
of altered appearance. Putnoky (1930, 1938) and de Balogh (1940) claimed that 
alterations in the cell proteins had taken place in the well adapted mouse to rat 
Ehrlich-Putnoky tumour. That altered cell composition really can occur by the 
influence of a foreign environment was demonstrated by Langman (1953), who 
found cat protein in embryonic rabbit tissue grown in a medium containing 
cat proteins. 

Much is in favour of an assisting factor or a transforming agent in the case 
of the ascites tumour H.A.1 when it developed in cortisone treated mice inoculated 
with human ascitic fluid containing tumour cells (Iversen, 1956, 1958) The demon- 
stration of human antigens in human cancers carried in several animal passages 
(Korngold and Lipari, 1955; Korngold, 1956) probably indicates that these 
tumours had not yet been completely adapted to the heterologous host, which 
also might be indicated by the facts that the tumours could be grown in “ con- 
ditioned ”’ hosts only (Toolan, 1953, 1954, 1957), and that they still had human 
chromosome characteristics (Levan, 1956). 
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SUMMARY 


The mouse ascites tumour H.A.1 has been successfully propagated through 
82 transfer generations in rats pretreated with whole body roentgen irradiation, 
by inoculating the tumour every 8th day. 

The irradiation dose necessary for vigorous tumour cell proliferation was 
found to be about 480 r. At every 10th rat passage of the tumour the irradiation 
dose was lowered until a dose of 280 r was reached after 50 passages. A parallel 
experiment at this time showed that 280 r was insufficient to give tumour growth 
in rats transplanted with the mouse line of the ascites tumour. Further, the 
tumour cell proliferation during the rat passages was also more and more vigorous, 
and the mortality rate increasing—in spite of the gradually decreased irradiation 
dose. A certain degree of adaptation to the new host was therefore assumed. 

Chromosome counts showed that the modality changed from triploidy to tetra- 
ploidy after a few rat passages, and the new stem line number persisted through 
the many subsequent rat passages of the tumour cells. 

In the chromosome structure no gross changes were seen. Murine characteristics 
seemed to be maintained through the passages. 

Back-transfers into mice caused a reduction of the chromosome number to 
the original, triploid, level. 

Rats in which the tumour had regressed were found to be immune to further 
inoculations of the ascites tumour. 

In cortisone treated rats the ascites tumour was also able to grow, but the 
doses necessary were so heavy that both the life of the animals and the tumour 
itself were compromised. 

The results are discussed, with special reference to the adaptation mechanism 
of heterologous tumour transplantations. 


I am indepted to the Senior Pathologist, J. Clemmesen, for helpful advice 
and to the Director of the Danish State Serum Institute, J. Orskov, for facilities 
concerning the supply of laboratory animals. 
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EXPLANATION OF PLATES 


Fic. 2.—Two rats from the 5th passage showing large amounts of ascites at the 8th day. 

Fic. 3.—Dead rat from the 7th passage, ten days after transmission. Ascitic fluid removed. 
Large solid and semisolid tumour masses are seen, especially in the upper and left part of 
the abdomen. 

Fie. 4.—Infiltrating tumour growth in the outer wall of stomach. From the rat shown in 
Fig. 3. Haematoxylin-eosin. x 80. 

Fic. 5.—Tumour tissue infiltrating the pancreas. From the rat shown in Fig. 3. Haema- 
toxylin-eosin. x 80. 

Fie. 7.—Dividing cell from the 67th rat passage of the ascites tumour H.A.1, showing a tetra- 
ploid chromosome number and mainly I- or J-shaped chromosomes. Aceto-orcein. 
x 1150. 
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THIs paper reports various transplantation studies of a lymphocytic type of 
leukaemia of CBA mice, the condition having originated spontaneously. The 
object of these studies has been to provide a background of general information 
concerning the natural history of the transplanted disease, and thus to improve 
the interpretation of radiobiological experiments aimed at eradication of the 
disease. Such features as the rate of migration of the leukaemia cells from the 
site of injection, the number of cells required for successful transplantation of the 
condition, the possiblity of cell-free transfer, and the latent periods elapsing between 
the injection of cells and death of the mice, assume considerable importance in 
relation to the stage at which an animal is subjected to experimental therapeutic 
procedures (Goldin, Venditti, Humphreys, Dennis, Mantel and Greenhouse, 
1954 ; Skipper, Schabel, Bell, Thomson and Johnson, 1957). 

All the experiments to be described were done with material from the 4th to 
the 74th passages. Although it would have been desirable to have confined many 
of the experiments within a shorter period of the leukaemia’s history, such a 
course was prohibited by limitation of the rate of supply of mice for experiment. 
It can be stated here, however, that no change in the character of the disease has 
been observed over the period in which the experiments were done. The mean 
latent period between injection of cells and death of the injected passage mice, 
which would have been expected to fall with increase in virulenee, has shown 
no progressive change. 


MATERIALS AND METHODS 


Mice.—CBA mice bred in this laboratory by brother-to-sister mating and of the 
same colony as that in which the leukaemia arose, were used in the majority of 
experiments ; unless otherwise stated, the mice were 2-6 months old when used in 
experiments. For the few homologous transplantation experiments albino mice of 
a uniform heterozygous strain were used ; these also were bred in this laboratory 
by brother-to-sister mating. 

Preparation of leukaemia cell suspensions.—Routine serial passages of the 
leukaemia were made by injecting intraperitoneally 0-2 ml. of the supernatant 
fluid of a 10 per cent suspension in Tyrode solution of minced leukaemic liver which 
had been allowed to stand for about 2 minutes ; each inoculum contained about 
10? morphologically intact leukaemia cells. Single-cell suspensions for quantitative 
transplantation studies were prepared as follows: fresh leukaemic liver was 
finely minced with scissors and suspended in about nineteen times its volume of 
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5 per cent CBA serum (stored at — 20° C.) in Tyrode solution. After standing 
at 2° C. in a 4 in. x ¢ in. tube for 5 minutes to allow the gross tissue lumps to 
settle, the upper three-quarters of the overlying fluid was removed and used to 
fill one or more Kahn tubes up to a level 6 cm. above the bottom of the tube. 
The Kahn tubes, fitted with rubber bungs, were allowed to stand upright for one 
hour at 0-2° C. The upper 2 cm. portions of the columns of fluid were then 
carefully removed with a fine Pasteur pipette, pooled and mixed. Samples of 
suspensions so made have been found consistently to be free from clumps of 
leukaemia cells. It may be mentioned here that similarly prepared suspensions 
from normal liver (as distinct from spleen, lymph gland, ete.) were almost free 
from single nucleated cells; only occasional macrophages were seen in such 
suspensions. Thus, it appeared likely that an overwhelming majority of the 
single cells released from infiltrated liver were malignant cells. 

Cell counts.—Single-cell suspensions were counted in a counting chamber 
by phase-contrast microscopy. The predominant cell in leukaemic liver prepara- 
tions, believed to be the viable leukaemia cell, was a non-granular spherical 
cell about 7-5 ~ in diameter, of a yellowish tint, with a halo, and showing no 
clear-cut distinction between nucleus and cytoplasm. Normal cells present 
included erythrocytes, macrophages, polymorphonuclear leucocytes and lympho- 
cytes. Only the lymphocytes presented difficulty in their distinction from the 
malignant cells. Comparison with lymphocytes from normal lymph glands, 
examined under similar conditions, showed that the lymphocytes were slightly 
smaller and more grey in tint than the malignant cells. It must be admitted, 
however, that a small error would have been introduced by failure to distinguish 
a lymphocyte from a small malignant cell. Occasional degenerate malignant 
cells were seen; these were either partially plasmolysed cells with a clear-cut 
nuclear membrane, or very small circular or pyriform cells having a very distinct 
condensed nucleus. The count was expressed as the density per 0-2 ml. of appar- 
ently viable malignant cells present in the initial suspension. 

Titration of leukaemia cells.—Serial five- or tenfold dilutions in the serum- 
Tyrode medium were made of counted single-cell suspensions prepared as described 
above. 0-2 ml volumes of each of a series of 4-6 such dilutions were injected 
into groups of 5-10 mice. The mean number of leukaemia cells injected into mice 
of any group was calculated by multiplying the cell count of the starting suspension 
by the dilution factor. The injected mice were observed for a total period of 90 
days, during which the mortality for each group was recorded. All mice dying were 
inspected for gross signs of leukaemia, mice dying of other causes being excluded 
from the data. The 90-day period of observation was at least. twice the longest 
latent period observed in any mouse developing leukaemia after injection with 
leukaemia cells. From the data, consisting of the mortalities associated with the 
mean cell doses injected, the number of cells required to convey leukaemia to 
half a group of injected mice (the TD50) was calculated by an accumulation method 
(Reed and Muench, 1938). The range of cell doses injected in any experiment 
was selected in relation to the predicted TD50. 

Preparation of cell-free extracts of leukaemic tissues.—Minced leukaemic tissue 
was ground in a mortar with sand to give a 10-20 per cent suspension in serum- 
Tyrode medium ; the suspension was centrifuged at 3000-4000 r.p.m. for 10 
minutes and the upper three-quarters of the supernatant fluid was recentrifuged 
similarly ; the upper half of the final centrifugate constituted the cell-free extract. 
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Blood smears and organ impression smears.—Smears were dried in air, fixed 
with methanol and stained for 7 minutes with a 1 : 1 mixture of Giemsa stain and 
buffer (pH 6-8). 

Histology.—Tissues were fixed in Bouin’s fluid and sections were stained with 
haematoxylin and eosin. 

Injections.—Mice were injected subcutaneously over the dorsal region, intra- 
peritoneally or intravenously, using a tuberculin syringe carrying a Schick-test 
needle. Leukaemia cells were usually injected in a volume of 0-2 ml. 

All animal work was carried out using a fully aseptic technique. In the quanti- 
tative studies the leukaemia cell suspensions were kept at 0—2° C. throughout the 
entire period from their liberation from the leukaemic organ until their injection. 
The cells of counted suspensions were maintained in uniform suspension, until 
their injection, by intermittent mixing. 


OBSERVATIONS AND EXPERIMENTS 
Origin of the leukaemia 

The leukaemia was first observed in an untreated 6-month-old male CBA 
mouse of the same colony as that providing the mice for transplantation experi- 
ments. No other leukaemic mouse has been found in the colony during the four 
years since its inception. The peripheral blood of the sick mouse showed anaemia 
(haemoglobin 60 per cent of normal) and leucocytosis (40,000/c.mm.) ; polymor- 
phonuclear leucocytes were very few and the predominant circulating leucocyte 
was a fairly large diffuse mononuclear cell resembling a lymphoblast ; there was 
marked anisocytosis and poikilocytosis among the erythrocytes and there were 
numerous macrocytes. The lymph nodes of all groups examined were enlarged to 
about 4-6 mm. in their longest diameter. The spleen, liver and kidneys were 
obviously enlarged. Histological sections of lymph glands, spleen, liver and 
kidneys showed heavy infiltration with the malignant cells ; in spleen and lymph 
gland, normal lymphocytes appeared to have been largely replaced by the malig- 
nant cells; infiltration of the liver and kidney had taken place without any 
apparent deterioration of the health of the normal epithelial components of these 
tissues. ; 

These findings were of particular interest because they included features which 
are not normally seen in the passage mice. These features were as follows: the 
erythrocyte abnormalities, the absence of a polymorphonuclear leucocytosis 
in the presence of a high circulating malignant cell count, and the gross enlarge- 
ment of lymph nodes. The possible significance of these peculiarities of the 
original mouse with spontaneous leukaemia will be discussed later. 


Description of the transplanted leukaemic condition 

Between 9 and 11 days after the intraperitoneal injection of several million 
leukaemia cells, there is a sharp decline in the food consumption of injected mice, 
so that by the 11th day the average consumption of food is less than one-sixth 





EXPLANATION OF PLATE 
Fic. 1.—Infiltrated liver of moribund leukaemic mouse. H.andE. x 200. 


Fic. 2.—Degeneration of a zone of cerebellum in a leukaemic mouse showing neurological 
signs. H.andE. x 54 
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of that of uninjected control mice. From the 9th day onward there is a progressive 
decline in the average body weight of the injected mice. The first sign of sickness, 
reduced activity, appears by the 11th day; sickness rapidly increases, and all 
the micé of an injected group are dead or moribund by the 15th day. One quarter 
of all the mice injected, with whatever cell dose, develop gross signs of disturbance 
of the central nervous system within 2 days of death ; these signs, referable to 
dysfunction of the vestibular apparatus or cerebellum, consist of “rolling”, 
crawling in circles, ataxia, asymmetrical posturing of the head, and “ whipping ” 
of the tail. These signs are increased by disturbance of the affected mice and appear 
also to be aggravated by attempts of the mouse to initiate voluntary movements. 

Dissection of mice with advanced leukaemia showed : slight enlargement of the 
lymph glands, often with periglandular hyperaemia ; considerable enlargement of 
the liver and spleen, both of which were paler than normal ; enlargement of the 
kidneys, which were mottled with pale areas; occasionally, a haemorrhagic 
condition of one or more lobes of the lung ; and, in some cases, the appearance 
of dense white streaks on the epicardium, which appear to follow the direction of 
the superficial ventricular muscle fibres. Histological studies of the tissues of 
mice with advanced leukaemia have revealed two types of infiltration with the 
malignant cells: lymphatic organs, such as lymph nodes or thymus, are rarely 
greatly enlarged, but show a massive replacement of their normal complement of 
lymphocytes by the malignant cells, their stromal architecture being preserved. 
Epithelial tissues, such as the liver, kidney and adrenal gland, show a massive 
occupation of their sinusoids or capillaries by the malignant cells ; in general, 
neither the architecture of the organ nor the viability of the epithelial cells appears 
to be affected. Packing of the liver sinusoids is focal at an early stage but becomes 
generalised later (Fig. 1); a characteristic appearance is the concentration of 
malignant cell masses round the intermediate sized veins. Infiltration of the kidney 
decreases from the cortex to the medulla and is almost absent from the zone 
composed purely of collecting tubules. The adrenal gland becomes infiltrated 
from the periphery, the malignant cells passing inwards between the cortical 
columns of cells and spreading tangentially at the cortico-medullary junction ; 
the medulla is free from malignant cells. 

The histological appearance of the lungs in mice with advanced leukaemia is 
difficult to interpret. The alveolar architecture is well preserved but the alveolar 
walls show considerably increased cellularity and the presence of moderate numbers 
of mitotic figures. If these appearances are due to infiltration, it must be supposed 
that the malignant cells are contributing to the integrity of the alveolar walls. 
Although the presence of mitotic figures suggests the presence of malignant cells, 
the cytological features of the non-dividing cells in this situation do not permit 
of their reliable identification. 

Histological examination of the brains of mice showing signs of nervous 
disturbance have revealed that, whilst malignant cells are to be seen round the 
vessels adjacent to the membranes, there is no infiltration of nervous tissue. 
The cerebellum has in all such cases examined shown multiple areas of degeneration 
involving the disappearance of many Purkinje cells ; no inflammatory cells are 
seen, and it is assumed that the degenerative areas are infarcts associated with 
malignant cell emboli; one such embolised vessel has been seen adjacent to the 
pia mater, but such lesions are by no means frequent. These changes in the 
cerebellum, both by their situation and their extensiveness, are considered to be 
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sufficient to account for the neurological signs in leukaemic mice. A zone of 
cerebellar degeneration is shown in Fig. 2. 

The changes in the circulating leucocytes were studied in a group of CBA mice 
that had been injected intraperitoneally with 10° leukaemia cells. At intervals 
after injection, total and differential leucocyte counts were performed on pairs of 
mice. Fig. 3 shows, for each cell type differentiated, the changes in the absolute 
cell count with time after injection. Each point represents the mean count for two 
mice. The absolute count has been expressed as the square root merely to facilitate 
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Fic. 3.—Changes in the circulating leucocytes at intervals after the 
intraperitoneal injection of malignant cells. 


proportioning of the figure. Within 2 days after injection there is a sharp fall in 
the lymphocyte count, which returns to a normal level only after several days. 
This feature is a non-specific effect of intraperitoneal injection and has been 
regularly observed in control mice injected with suspensions prepared from normal 
liver and in other controls injected with the serum-Tyrode medium alone. Before 
the 14th day after injection no other significant change occurs. Between the 
14th and 16th days there is a sharp rise in the lymphocytes, polymorphonuclear 
cells and monocytes ; by the 16th day, the lymphocytes and polymorphonuclear 
cells had attained 31,000 and 35,000 per c.mm. respectively. About one quarter 
of the cells recorded as polymorphonuclears on the 16th day were ring cells, 
often referred to as mouse myelocytes. Countable numbers of malignant cells 
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were not found in the circulation until the 14th day, after which they rose rapidly 
to a level of about 12,000/c. mm. on the 16th day. It is recorded elsewhere that 
small numbers of malignant cells, detected by more sensitive transplantation 
methods, were found in the circulation by the 10th day after intraperitoneal 
injection of a similar mean cell dose. By the 16th day, the haemoglobin level of 
the injected mice had fallen to only 90 per cent of the level in uninjected control 
mice. The significance of the panleucocytosis observed in the leukaemic mice will 
be discussed later. 

No systematic study of the bone marrow changes in this leukaemia has been 
made. Random examinations of the femoral marrow of leukaemic mice have not 
shown any consistent change: in one case marrow was replaced by malignant 
cells ; in others, normal haematopoesis was found in the presence of occasional 
malignant cells; in one case an.almost aplastic marrow was found. Evidently 
the marrow effects are irregular and possibly focal. The panleucocytosis and 
presence of immature forms of the granular cells suggests that extensive marrow 
replacement is not characteristic of the mice bearing the transplanted leukaemia. 


Characterisation of the malignant cells 

The appearance of the malignant cells by phase contrast microscopy has 
already been described under the description of the method of cell counting. 
Attempts by Professor R. J. V. Pulvertaft to cultivate the cells in vitro are still 
in progress. It has been found that the malignant cells do not survive in vitro 
for more than a few hours if cultivated alone ; in the presence of moderate numbers 
of macrophages or of mouse embryo tissue their survival has been prolonged for 
several days, but no “ permanent” cultures have yet been obtained. A similar 
dependence of cells on other cells, in tissue culture, has been described by de 
Bruyn, Korteweg and Waveren (1949). 

In stained smears, prepared either from impressions of leukaemic organs or 
from the blood of leukaemic mice, the malignant cells are fairly large mononuclear 
cells with a deeply basophilic nucleus and cytoplasm ; they bear a close resemblance 
to lymphoblasts. Their difference in size from lymphocytes, measurable though not 
very obvious in fresh suspensions, is quite obvious in the smears ; this is to be 
expected if, in the process of making the smears, large and small cells are flattened 
to a uniform thickness. Small degenerate cells with intensely pycnotic and some- 
times fragmented nuclei are regularly seen within groups of healthy-looking 
malignant cells, and are clearly identical with similar cells seen in histological 
sections of leukaemic tissues. Their random distribution among malignant cells 
suggests that degeneration is the result of intrinsic breakdown rather than of 
inimical tissue environmental factors. 

A useful measure of the degree of replacement of normal cells by malignant 
cells in lymphatic tissue, or of the accumulation of malignant cells in other organs, 
can be got from study of the single-cell populations released from minced tissues. 
Single-cell suspensions were prepared from leukaemic organs and from homologous 
normal organs by the method already described. The diameters of 100 consecutive 
healthy-looking mononuclear cells were measured for each suspension, under 
phase contrast microscopy using a calibrated micrometer ocular, and frequency 
distribution curves of the diameters were constructed from the data. Some of 
these curves are reproduced in Fig. 4. Although the measurements were relatively 
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crude by the method used, cells being measured only to the nearest 1-25 w, the 
results recorded illustrate clearly the differences between the single-cell populations 
obtained from homologous normal and leukaemic organs. The curves for the 
various leukaemic organs, when superimposed, are seen to be practically identical. 
The leukaemic thymus gland used was barely enlarged, and it will be appreciated 
that the diagram suggests a gross replacement of the normal by the malignant 
cells. The suspension prepared from normal liver contained only about 20 nucleated 
cells/c. mm.; that from leukaemic liver contained 5000/c. mm., and the frequency 
distribution curve suggested a very uniform population of cells judged by their 
size distribution. For this reason, leukaemic liver was usually used for the prepara- 
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Fie. 4.—Frequency distribution of diameters of viable nucleated cells released from minced 
organs of normal and leukaemic mice. 
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tion of single-cell suspensions of the leukaemia cells. A similar uniform population 
of cells was obtained from the leukaemic kidney. This method of examining the 
cell population and of estimating the degree of replacement of normal by malignant 
cells in an organ has certain advantages over histological methods. 


Dissemination of the malignant cells from the site of injection 


For the purpose of interpreting the results of experimental therapeutic pro- 
cedures, it was of some importance to know how soon after intraperitoneal injection 
the injected malignant cells were disseminated to the organs. The time of dissemina- 
tion was studied by injecting groups of mice with leukaemic cells intraperitoneally 
and, after various intervals, injecting minced organs of these mice intraperitoneally 
into other CBA mice ; mice injected with the organ minces were observed for the 
development of leukaemia. All the injected mice were observed for a maximum 
period of 90 days, although leukaemic deaths rarely occurred more than 30 days 
after injection. All deaths recorded as leukaemic were confirmed as such by gross 
examination. Quantitative transplantation studies, to be described later in this 
paper, have shown that only very small numbers of cells are required to convey 
leukaemia to a mouse, so that this method of detecting dissemination is very 


sensitive. 
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Owing to limitation of the rate of supply of mice for experiment, these studies 
could not be made in a single experiment ; therefore the experiments will be 
described separately. 

Changes in the free cell content of the peritoneal cavity.—At intervals after the 
intraperitoneal injection of 10°-10° malignant cells inte 4 group of mice, pairs of 
the injected mice were treated as follows: 2 ml. of serum-Tyrode was injected 
into the living mouse, and the abdomen was massaged for two minutes ; the mouse 
was sacrificed and the peritoneal cavity opened; all free fluid was removed ; 
the cavity was washed out twice with 1-0 ml. volumes of medium, and all the 
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Fic. 5.—Changes in the total nucleated cell count in washings of the peritoneal cavity, and in 
the survival times of mice receiving } of the cells recovered, at intervals after the intra- 
peritoneal injection of 850,000 malignant cells into mice. 


washings were pooled ; the washings were centrifuged sufficiently to deposit all 
the cells, and the supernatant fluid was discarded; the cells were resuspended 
in 2-0 ml. of medium and well mixed, after which the density of total nucleated 
cells was determined by counting; 0-7 ml. of the suspension was then injected 
intraperitoneally into each of 2CBA mice which were observed for the development 
of leukaemia. Attempts to do differential counts of the cells recovered from the 
peritoneal cavity were abandoned because of difficulty in obtaining reliable 
stained smear preparations. Table I shows, for each mouse investigated, the total 
number of cells harvested and the latent period between injection and death of 
the 2 CBA mice injected with the cells. The changes observed are illustrated 
graphically in Fig. 5. There is no significant change in the total count of the 
peritoneal cells between the Ist and 5th days, and it will be noted that, thereafter, 
the rise is not progressive. The changes in the mean survival time of mice injected 
with the cells suggest that there is a progressive rise in the number of malignant 
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cells in the washings until at least the 10th day. These findings are not such as 
would be expected if a true ascitic tumour were being formed, and it may be noted 
here that none of several hundred mice injected intraperitoneally with about 5 
million malignant cells has been found to have free fluid in the peritoneal space 
at the time of sacrifice or death. The fact that malignant cells are in the peritoneal 
cavity at all times after injection and therefore contaminate the surfaces of excised 
abdominal viscera, places great difficulty in the way of demonstrating the presence 
of malignant cells within these organs. 


TaBLE I.—Cell Content of Peritoneal Cavities of Mice at Intervals After the 
Intraperitoneal Injection of 850,000 Cells 
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Dissemination to the blood.—It has already been stated that countable numbers 
of malignant cells did not appear in the circulation until the 14th day after the 
intraperitoneal injection of 10° cells into mice. In the present experiment the time 
of appearance of the malignant cells in the blood was investigated by the more 
sensitive method of transplantation. Of a group of mice that had been injected 
intraperitoneally with 10° malignant cells, individual mice were treated at intervals 
after injection as follows : the terminal } in. of the tail of the etherised mouse was 
amputated and the first drop of blood was discarded ; the next drop was used to 
determine the total leucocyte count ; the third and fourth drops were allowed to 
fall into a tube containing 0-5 ml. of serum-Tyrode containing 2-5 units/ml. of 
heparin, and the contents were mixed ; the weight of blood added was determined 
by weighing the tube and contents before and after addition of the blood. The 
volume of the mixture which contained 20 c.mm. of blood was calculated, and this 
volume of the diluted blood was injected intraperitoneally into each of one or 
more CBA mice, which were subsequently observed for the development of 
leukaemia. From the data recorded in Table II it will be seen that the 20 c. mm. 
samples of blood contained no demonstrable malignant cells until 10 days after 
injection of the donor mice. It will be noted also that although malignant cells 
were always present with a high leucocytosis, they were frequently demonstrable 
in the absence of leucocytosis. It is clear that the demonstration of malignant 
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TaBLE IIl.—Time of Appearance of Viable Malignant Cells in the Peripheral Blood 
of Mice After the Intraperitoneal Injection of 10° of the Cells 
Days after T.W.B.C. of Fate of mice receiving 
injection donor mouse 20 c. mm. of donor’s blood* 
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* S = survival ; numbers indicate survival times of mice dying of leukaemia. 


cells in organs at a time after the cells are known to enter the blood may indicate 
their presence in the contained blood rather than in extravascular sites. 

Dissemination to the lungs.—Individual mice were sacrificed at intervals after 
their intraperitoneal injection with 150,000 cells. Cne lung was fixed for histolo- 
gical examination and the other was finely minced in a small volume of medium and 
injected into one or more CBA mice, which were subsequently observed for the 
development of leukaemia. The results of this experiment are recorded in Table ITI, 
from which it will be seen that malignant cells were not demonstrated in the lung 
until 9 days after injection. Significant infiltration with malignant cells was not 
detectable histologically in the fixed lungs until the 17th day. The results of the 
transplantation experiments with blood suggest that positive transplantation 
with lung tissue can sometimes be ascribed to the presence of malignant cells in 
the contained blood. 

Dissemination to spleen and liver——At intervals after the intraperitoneal 
injection of 105 leukaemia cells into a group of mice, pairs of mice were sacrificed 
and treated as follows : the spleen, and a piece of the right lobe of the liver about 
the same size as the spleen, were excised and washed ; the liver fragments and 
spleens were pooled separately and minced finely in a small volume of medium. 
Each tissue pool was drawn into a syringe and used as two equal intraperitoneal 
inocula for two CBA mice, which were observed for the development of leukaemia. 
he tissue pools were derived from donor mice 3, 6, 8, 10 and 12 days after their 
injection. Malignant cells were thus demonstrated in all the spleen and liver 
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Tas_eE III.—Detection of Malignant Cells in Lungs of Mice After their 
Intraperitoneal Injection with Malignant Cells 
Presence of gross 
histological infiltration 
Days after Fate of mice injected of contralateral lung with 
injection with lung tissue* malignant cells 
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* S = mouse surviving: numbers indicate survival times of mice dying with leukaemia. 


suspensions except the liver preparation from mice 3 days after injection. These 
results were predictable from the findings for the peritoneal washings, and it must 
be assumed that the malignant cells demonstrated in these organs were often those 
contaminating the peritoneal surface. 

Dissemination to the axillary lymph nodes.—At various intervals after the intra- 
peritoneal injection of a group of mice with 10° leukaemia cells, individual injected 
mice were sacrificed and treated as follows : both axillary regions were exposed by 
incisions which did not extend below the costal margins, and the most obvious 
presenting axillary node on each side was excised ; the glands were finely minced 
in about 0-2 ml. of medium and injected intraperitoneally into a CBA mouse 
which was observed for the development of leukaemia ; two donor mice were 
treated thus on every day from the Ist to the 12th day after their injection. Trans- 
plantable leukaemia cells were demonstrated in the axillary glands of all mice from 
the 7th day onward, except in those from one mouse sacrificed on the 9th day. 

A comprehensive picture of the time of dissemination to the various tissues and 
organs is given in Table IV. It is evident that a generalised dissemination of the 
malignant cells from the peritoneal cavity was not demonstrated until about one 
week after the intraperitoneal injection of mice. The fairly long period before 
detectable numbers of malignant cells appear in the circulation suggests that their 
appearance may only follow reproduction of the cells in an extravascular situation 
with the production of lesions which provide access for the cells to the circulation. 
These aspects of dissemination are to be discussed later. 
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TaBLE IV.—Demonstration, by Transplantation Methods, of Malignant Cells in 
Various Sites at Intervals After the Intraperitoneal Injection of 10°-10° of 
the Cells 

Days after injection 
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Site os we Sa ee oe 


Blood (20c.mm.) . — 
Peritoneal cavity s+ ne 
Spleen (whole) . ja. ee ie a 
Liver (0-3—0-4 g.) a aie i. a Cae. ee ‘i ee 
Li (whole) . _-—-— — we oo ror + ao 
Axi glands(2) . — — - -- + + oa 


+ Indicates conflicting results using two equivalent donor mice. 
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Attempts to modify the survival time of mice after intraperitoneal injection with 
leukaemia cells 

It was of interest to know whether the survival times of injected mice could be 
modified significantly by surgical or other interference, and if so, whether this 
was associated with an alteration of the rate of dissemination of the cells. 

Effect of preliminary splenectomy.—Seventy-two male and female CBA mice 
were divided into two equivalent groups. Mice of one group were splenectomised 
under ether anaesthesia ; a fake operation, involving delivery and return of the 
spleen, was performed on mice of the other group. Operations were performed 
alternately. Three days after operation, all the mice were injected intraperitoneally 
with 10° malignant cells, and the times of death of the injected mice were recorded. 
All deaths were confirmed as leukaemic. The mean time of death of the splen- 
ectomised mice was 19-4 days ; that of the fake-operated controls was 20-6 days. 
The difference is not significant. 

Effect of treatment with massive doses of radiation-killed leukaemia cells.—A 
dense, washed suspension of the malignant cells, prepared from numerous livers 
and spleens of mice with advanced leukaemia, was exposed to 14,000 r of 2-MeV 
radiation. A control suspension from normal livers and spleens was similarly 
prepared and irradiated. Twenty female CBA mice were each injected intraperi- 
toneally with 10° viable leukaemia cells. Ten of the injected mice received daily 
intraperitoneal injections of the irradiated malignant cell suspension from the 4th 
to the 7th day after receiving the viable malignant cells. The other ten mice 
received similar volumes of the control suspension at the same times. Differential 
white blood counts done on the 12th and 14th days after the injection of viable 
cells showed no differences between the two groups of mice, and all mice of both 
groups examined showed circulating malignant cells on the 14th day. The mean 
survival times of the two groups were not significantly different, being 19-5 days 
and 20-4 days. The total number of radiation-killed malignant cells received by 
the mice was 5 x 108, and it is of considerable interest that this overwhelming 
preponderance of dead cells had no detectable influence on reproduction of, or 
invasion by, the viable cells. 

The effect of cortisone administered during the course of the transplanted disease.— 
Two groups of 10 mice were injected intraperitoneally with 10° malignant cells. 
From the 7th day after injection until death each mouse of one group received 
daily subcutaneous injections of 1 mg. of cortisone acetate in 0-04 ml. of vehicle. 
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Mice of the control group received daily injections of 0-04 ml. of saline over the same 
period. 

The results of differential blood counts performed on all mice of the two groups 
on the 12th day after injection of the malignant cells are given in Table V. In 
addition to the expected lymphopoenia and eosinopoenia of the cortisone-treated 
mice there is an indication that dissemination of the malignant cells to the circu- 
lation had been delayed by the treatment. The mean survival time of the treated 
group was 19-4 days, compared with 16-2 days in the control group. Although 
there is a suggestion that the disease was restrained in the treated mice, the 
difference in the mean survival times is not significant. 


TasLeE V.—Effect of Cortisone Treatment on Differential Leucocyte Counts of Mice 
After their Intraperitoneal Injection with Malignant Cells 


Mean % differential count (range) 





d Malignant 
Lymphocytes Polymorphs Monocytes [Eosinophils cells 

Controls ° ° 31-8 (23-41) 49-5 (40-62) 14-2 (7-21) 3-7 (1-7) 0-8 (0-4) 

Cortisone-treated . 7-6 (4-15) 91-8 (85-96) 0-6 (0-2) 0 0 


Quantitative transplantation of the leukaemia 


The experiments to be described in this section were undertaken for the follow- 
ing purposes : to assess the sensitivity of transplantation as a method for detecting 
the presence of the malignant cells in an inoculum, as was done in the studies of 


dissemination ; to indicate the proportion of morphologically intact leukaemia 
cells which are capable of initiating the disease on transplantation; and to 
provide the basis for radiobiological experiments in which the proportion of 
leukaemia cells inactivated by various doses of radiation was to be determined. 

Comparison of TD50 values obtained for different sites of injection.—Using 4 
groups of 5 mice, and injecting the groups with mean malignant cell doses falling 
in tenfold dilutions from 500 to 0-5, the following TD50 values were obtained 
for titrations done by injecting cells into the sites indicated : ; 


Intravenously, 1-6 cells 
Intraperitoneally, 1-2 cells 
Subcutaneously, 3-5 cells 


These differences are not significant, and it is concluded, in view of the very 
different environments in which the injected cells were deposited, that the trans- 
plantation hazard to the cells is very slight. Since the intraperitoneal route is 
technically the simplest and is not inferior to the intravenous route in sensitivity, 
it has been adopted as the route of choice for titration purposes. 

Effect of sex of hosts on the T D50 values obtained in intraperitoneal titrations.— 
This study was undertaken merely to confirm that male or female mice could be 
used indiscriminately for titration purposes. 

A leukaemia cell suspension was titrated intraperitoneally in male and female 
mice of the same age. For each sex, there were 4 groups of 12 mice; the mean 
numbers of cells injected into the groups fell in tenfold steps from 2000 to 2 cells ; 
mice of the two sexes were injected alternately. 
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The TD50 values obtained for the two sexes were: males 8-0 cells ; cere) 
5-6 cells. The difference is not significant. 

The effect on the viability of malignant cells of storage for short periods at 0—2° C. — 
It will appreciated that the time between preparation of a leukaemia cell 
suspension and injection of dilutions into mice varies with the particular inter- 
vening procedures involved. Although, in all experiments, the cells were kept 
at 0-2°C. throughout this period, it was of importance to know whether any 
measurable loss of viability of the cells occurred in the longest period likely to 
elapse between preparation and injection of a suspension. 

Serial tenfold dilutions of a leukaemia cell suspension prepared in the usual 
way were made in 5 per cent serum-Tyrode, to give suspensions having 2000, 200, 
20 and 2 mean cells/0-1 ml. Each of these dilute suspensions was distributed into 
3 tubes to give three similar series of dilutions for titration. The three series of 
dilutions were injected into mice, 2, 5 or 8 hours after killing the donor mouse, the 
last two series being kept at 0-2° C. until injected. For each titration there were 
4 groups of mice, each group consisting of 4 males and 4 females. All injections 
were intraperitoneal, and the volume injected was always 0-1 ml. 

The TD50 values obtained for the three titrations were as follows :— 


After 2 hours, 8 cells 
After 5 hours, 4 cells 
After 8 hours, 9 cells 


These differences are not significant, and it is concluded that the viability of the 
malignant cells is not measurably impaired by storage at 0-2° C. for at least 6 
hours. 

The undiluted single-cell suspension used in the above experiment was resus- 
pended and recounted after a total period of 23 hours’ storage at 0-2° C. The 
density of morphologically intact malignant cells was not significantly reduced. 
In related experiments, the density of morphologically intact cells in a suspension 
was determined at intervals after longer periods of storage at 2° C. It was found 
that a reduction to one-tenth of the starting density was not attained until after 
about 5 days. The deterioration rate was not significantly influenced by the medium 
in which the cells were suspended—whether mouse serum, 10 per cent serum- 
Tyrode solution, or physiological saline. From these findings, it appears that the 
malignant cells may be capable of resisting a relatively inimical environment for 
fairly long periods at temperatures just above freezing. 

Repeatability of intraperitoneal titrations.—The investigations of the influence 
of sex and of storage of the cells, which are described above, were done in a single 
experiment, and it will be noticed that the TD50 values obtained were in the range 
4-9 cells. In this experiment, however, an unusual amount of pipetting of the 
suspensions was required in order to keep the cells in suspension in the course of 
the experiment. This treatment would be expected to reduce the viability of 
the cells by trauma, and to be responsible for giving TD50 values higher than would 
be obtained with gentler treatment of the cells. 

Table VI shows the conditions and results for 6 intraperitoneal titrations, 
performed under standard conditions, of malignant cell suspensions prepared 
from leukaemic livers. It will be seen that the TD50 values obtained were all 
within the range 0-7-3 cells ; the mean of the 6 values was 2-0 cells. It will be noted 
that a titration performed in mice that were mostly over one year old gave a 
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typical result, indicating that no restriction of the power of the malignant cells 
to reproduce or invade occurs in older mice. 


TaBLE VI.—Details of Six Intraperitoneal Titrations of Malignant Cells derived 
from Infiltrated Livers 
Serial passage Sex of Age of mice Mice per Mean cells injected Result 
number mice (days) group (range) 
42 ; . 96-183 , 5 : 0-5-500 
49 P ‘ 98-128 . 5 . 1—1000 
54 : ‘ 145-172 : 6 G 1-1000 
58 , ; 141-158 ; 6 ; 0-08-10 
63 ‘ ‘ 184-195 ‘ 10 : 0- 2-25 
70 ‘ 358-424 ‘ 10 ‘ 0-17-27 


Mean TD50: 2-0 cells. 


Titration methods involving quantal responses in small groups of animals 
are of intrinsically low precision (Meynell, 1957). The small variation in the TD50 
values obtained for the 6 titrations is therefore well within the experimental 
error. 
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Fic. 6.—Relationship between log mean malignant cell dose injected intraperitoneally, and 
incidence of leukaemia in the injected mice. Data of 6 titrations. 


In Fig. 6, the data from the 6 titrations have been used to construct a graph 
of the relationship between mean cell dose injected (expressed as the logarithm) 
and the percentage of injected mice developing leukaemia. It will be seen that 
there is no significant departure from the theoretical Poisson curve drawn through 
the mean TD50 for the 6 titrations. The TD63, both from the curve and from 
the mean of the TD63 values obtained in the 6 titrations, is 3-0 cells. 
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Titration of circulating malignant cells.—Stained blood smears from mice with 
advanced leukaemia showed three types of abnormal leucocyte. These were : 
intact large mononuclear cells with unlobed and non-indented nuclei of fine 
texture ; large “ smudge ”’ cells, which were taken to be cells of the first type that 
had been damaged in the process of making the smear; and circular or oval 
cells only slightly larger than erythrocytes and having intensely pycnotic, and 
sometimes fragmented, nuclei. Cells of the first variety were designated viable 
malignant cells; the existence of the second type indicated that differential 
counts made from stained smears would tend to underestimate the percentage 
contributed by intact leukaemia cells to the total leucocyte count; the small 
pycnotic cells resembled those seen within groups of leukaemia cells in sections of 
leukaemic tissues and are almost certainly degenerate leukaemia cells. 

To avoid the difficulties associated with cell damage during the making of 
blood smears, the density of morphologically intact leukaemia cells in the circulat- 
ing blood was determined by counting the cells directly by phase-contrast micro- 
scopy in blood diluted in leucocyte counting fluid consisting of N/10 HCl. Under 
these conditions the leukaemia cells are seen to have perfectly spherical nuclei 
with a regular chromatin pattern. An impression of their distinctive character 
was soon formed by repeated comparison with the appearances of normal leucocytes. 

The titratable activity of the circulating leukaemia cells was measured in 
order to check their morphological recognition and to provide a comparison with 
the liver leukaemia cells. It was of particular importance to know whether the 
leukaemia cells derived from minced leukaemic liver were different, with respect 
to their ability to give rise to leukaemia after transplantation, from leukaemia 
cells situated in other sites. 

Under ether anaesthesia, the tail of a leukaemic mouse was amputated half 
an inch from the tip. The first drop of blood was discarded and the following two 
drops were allowed to fall into 2 ml. of chilled serum-Tyrode medium containing 
2 units/ml. of heparin. After thorough mixing, an aliquot of the diluted blood 
was further diluted 1/10 in leucocyte counting fluid and the density of leukaemia 
cells in the diluted blood was determined. Further, serial, dilutions of the blood 
were injected intraperitoneally into groups of mice. The TD50, calculated in the 
usual way, was 1-8 cells, which is close to the mean obtained for the 6 titrations of 
liver leukaemia cells reported above. It is concluded that the circulating malignant 
cells were correctly identified and that their viability was not significantly different 
from that of the liver leukaemia cells. 


Survival times of mice after injection with leukaemia cells 

Fig. 7 is a scatter diagram, constructed from the data of numerous intra- 
peritoneal titrations, each point of which represents for an individual mouse the 
relationship between log mean cell dose injected and survival time. To standardise 
the results from different experiments, the mean cell dose has been recorded as a 
factor of the TD50 obtained in the titration in which a particular mouse was used. 
It is clear from the diagram that the latent period after the injection of a given 
dose of cells is very variable from mouse to mouse over the range of mean cell 
doses shown and cannot be used to estimate the cell dose. 

Among 130 mice which received several million leukaemia cells intraperitoneally 
the survival time ranged from 9 to 20 days ; both the mean and modal survival 
times were 13 days. 
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A comparison of the data from intravenous, intraperitoneal and subcutaneous 
titrations showed, in that order, a progressive increase of variability of the survival 
time among mice given the same mean cell dose. In the case of the intravenously 
injected mice, the survival times of mice receiving the same mean cell dose did 
not vary by more than 2 days, and there was a regular reduction of about 24 hours 
in the mean survival time of injected mice for each tenfold increase of mean cell 
dose. If, as may reasonably be supposed, death of a mouse occurs when the total 
number of leukaemia cells present in the body has reached a certain critical level, 
we may conclude that in 24 hours there is a tenfold increase of the cells present. 
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Fic. 7.—Scatter diagram of relationship between log mean malignant cell dose injected 
intraperitoneally, and survival times of individual injected mice. 
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This corresponds to a generation time of about 8 hours. Assuming a period of 
40 minutes for the duration of mitosis, a cell population undergoing increase at 
this rate should show about 8 per cent of the cells in mitosis. Mitotic rates approach- 
ing this figure have, in fact, been found for this leukaemia in histological sections 
of the infiltrated liver. 


Homologous transplantation of the leukaemia 


Only one foreign strain of mouse, a heterozygous albino strain, was available 
for attempted homotransplantation of the leukaemia. Twelve adults of this 
strain showed no sign of sickness after the intraperitoneal injection of large doses 
of the leukaemia cells. CBA x albino F, hybrids, on the other hand, regularly 
died with leukaemia after intraperitoneal injection with the cells, the course of 
the disease being indistinguishable from that in the CBA mice. 

Each of a litter of 7 albino embryos was injected with CBA leukaemia cells 
in utero 3-4 days before birth. One death of unspecified cause occurred 6 days 
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after injection. On the 38th day after injection, 2 of the mice were seen to have 
tumours in the region of the neck and ear. These mice were killed and examined. 
The neck masses were in both cases composed of cells indistinguishable from the 
leukaemia cells. In one case, there was, in addition, massive infiltration of the liver 
and spleen ; in the other, there was no gross enlargement of spleen or liver but 
a small mass of malignant cells was found infiltrating one ovary. The remaining 
4 injected albino mice were found to be free from any gross evidence of disease 
when killed 120 days after injection. Local masses of the malignant cells, such as 
were seen in some of the albino mice, have never been seen in leukaemia-bearing 
CBA mice, even after subcutaneous injection. 


Attempted cell-free transfer of the leukaemia 


It is clear that the results of the quantitative transplantation studies would 
require careful interpretation if there were any question of cell-free transfer of the 
malignant condition. On the other hand, the fact that the end-points of the 
titrations were so regularly in the region of 2 cells made it most improbable that 
there was any transmission by subcellular elements. Of 7 adult female CBA 
mice injected intraperitoneally with centrifuged concentrated extract of leukaemic 
liver, 2 died of other causes 8 and 18 months respectively, after injection ; the 
remaining 5 are alive and well after 2 years. 

Six CBA males were injected intraperitoneally with 10* morphologically intact 
leukaemia cells that had been exposed to 14,000 r of 2-MeV radiation, a treatment 
which would not be expected to reduce significantly the activity of any virus- 
like agent. All 6 mice are alive and well 18 months after injection. 

The very low incidence of spontaneous leukaemia in CBA mice made it most 
improbable that any pre-natal transmission of a leukaemia-inducing subcellular 
factor, as demonstrated in mice of the AK strain (Gross, 1954), is involved in the 
leukaemic condition described here. Nevertheless, the demonstration of such a 
factor in the CBA leukaemia cells would require the injection of cell-free extracts 
into embryos or mice near to term. Sixteen CBA embryos were injected in utero 
with concentrated and centrifuged, but not filtered, extract of the leukaemia cells. 
The injected mice were all born 24-48 hours after injection. All the mice survived 
one year, when most of them died or were killed as the result of a localised epidemic 
of liver infection with B. piliformis ; none showed evidence of leukaemia. Two 
are surviving 2 years after injection. 

As previously stated, about one-quarter of the leukaemic mice developed 
gross signs of neurological disorder a few days before death, and this is associated 
with degenerative lesions in the cerebellum. To exclude the possibility that these 
features were due to the activity of a neurotropic passenger virus, the brains of 
affected mice have on several occasions been used to prepare cell-free extracts 
which were injected intracerebrally or intraperitoneally into other mice. Mice 
so treated have not shown any evidence of neurological disturbance and have not 
developed leukaemia. 

Thus, numerous experiments have all failed to reveal a subcellular factor 
capable of transmitting either the leukaemia of its neurological manifestations. 
Moreover, the methods employed in these experiments for eliminating viable cells 
from the extracts used (centrifugation or irradiation) were such as would not be 
expected to reduce significantly the activity of any virus-like agent. 





H. B. HEWITT 


DISCUSSION 


It will be recalled that the original mouse with spontaneous leukaemia exhibited 
gross enlargement of the lymph nodes and a marked degree of anaemia, features 
which have not been seen in any mouse with the transplanted disease. Two 
possible explanations for these differences present themselves. Firstly, the leuk- 
aemia of the original mouse may have started as a relatively benign neoplastic 
condition, during which the anaemia and nodal enlargement had time to occur ; 
in the course of the disease in this mouse a progression of the malignancy may have 
occurred suddenly so that the cell population transplanted in the first passage 
was dominated by cells which had acquired enhanced malignancy. Alternatively, 
the leukaemia of the original mouse may have arisen as a late complication of 
some insidious non-transplantable disorder of the reticulo-endothelial system. 
Owing to the rarity of spontaneous leukaemia in the CBA strain no further 
studies of these interesting differences can be made. The matter is of some 
interest, however, in relation to possible aetiological factors leading to leukaemia 
in the first mouse. 

The panleucocytosis occurring in the terminal stages of the transplanted 
disease is not easily explained. The rise in both granulocytes and monocytes 
argues against there being an extensive replacement of the haemopoetic tissue 
by malignant cells. Indeed, the appearance of fairly numerous myelocytes 
suggests that there is some stimulation of the marrow ; and it is possible that this 
is brought about by breakdown products from the large numbers of malignant 
cells which undergo degeneration. Most difficult to explain is the high lympho- 
cytosis. Since the lymphopoetic tissues studied were not only enlarged but also 
extensively replaced by malignant cells, a reduction of the input of lymphocytes 
into the circulation is to be expected. These findings are not be explained by 
errors of distinction between the lymphocytes and the malignant cells. In stained 
smears the distinction is clear; and the result of the titration of circulating 
malignant cells, being almost identical with that of the titrations of uniform 
populations of malignant cells from leukaemic livers, showed that a reliable 
distinction had been made. In considering possible explanations of the panleuco- 
cytosis, it is useful to recall that the peripheral leucocyte count may be the 
resultant of a dynamic process in which cells are constantly entering the circulation 
from their sites of production and being removed at sites of sequestration (Bierman, 
Kelly and Cordes, 1955). Since the panleucocytosis is not satisfactorily explainable 
in terms of increased leucocyte production, it is reasonable tosuggest that blocking 
of sequestration sites by malignant invasion may have much to do with the terminal 
changes in the circulating leucocyte counts. Such interference with the sequestra- 
tion sites is certainly to be expected if the mechanisms at these sites succeed 
in attracting the malignant cells but fail to dispose of them. 

Among the 42 tumours which Klein and Klein (1956) attempted to convert 
to growth in the ascitic form, none was described as a leukaemia. There were, 
however, 5 lymphomas, presumably composed of a cell type similar to that of the 
tumour described here ; all of these lymphomas formed ascitic tumours after their 
first intraperitoneal passage. In the case of the present tumour, there was an 
increase in the intraperitoneal population of leukaemia cells after intraperitoneal 
injection, but this was not progressive. None of several hundred mice injected 
intraperitoneally with large numbers of the malignant cells has shown free fluid 
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in the cavity. Thus, although the cells were capable of multiplication in the 
cavity, they neither attracted free fluid to it nor were retained in it, Among the 
properties required for growth in the ascites form, rapid growth rate, reduced 
intercellular adhesion, and ability to withstand relatively anoxic conditions have 
been suggested. It might be added that a high propensity for dispersal from the 
site of injection would tend to discourage the formation of ascites tumours. The 
tendency of the cells of the present leukaemia to disperse from the site of injection 
is displayed also after subcutaneous or intramuscular injection ; all of numerous 
injections at these sites have failed to produce palpable masses. It is indeed 
remarkable that cells of comparable capacity to form free cell suspensions, such 
as those of sarcoma 37, show a strong tendency to proliferate into solid masses 
at subcutaneous sites of injection. 

The dissemination experiments have not disclosed the route taken by the 
malignant cells after leaving the site of injection. After injection of a large inoculum 
of malignant cells into the peritoneal cavity, there appears to be no significant 
change in the cell content of the cavity for at least 5 days, and no malignant 
cells were demonstrated in organs outside the cavity for 7 days. Failure to 
demonstrate the cells in the lungs or blood till after 9 or 10 days seems to imply 
that detectable numbers of the cells are not entering the veins until a relatively 
late stage in the progress of the disease. Further studies of the route of dissemina- 
tion are in progress, but the following tentative hypothesis is proposed to explain 
the behaviour of the cells on the basis of the limited experiments reported here 
and of the route of lymph drainage from the peritoneal cavity described by Yoffey 
and Courtice (1956) : it is proposed that numbers of the injected cells are constantly 
removed from the peritoneal cavity to the diaphragmatic lymph plexus ; that they 
pass thence, via the collecting channels running with the internal mammary 
vessels, to glands in the anterior mediastinum ; there, the cells are retained and 
undergo multiplication, eventually replacing the normal lymphatic tissue; at 
a late stage of the pathological changes in these glands large numbers of malignant 
cells are discharged into the thoracic duct or right lymphatic duct and thence into 
the circulation. At this stage an opportunity occurs for invasion of various 
organs. On the other hand, it appears that some mechanism operates to remove 
malignant cells from the circulation: when leukaemic cells were injected 
intravenously in a quantity sufficient to give easily detectable numbers in blood 
smears if they had remained in circulation, only an occasional cell could be seen 
in blood smears taken at intervals of between a few seconds and one hour after 
intravenous injection. This finding, considered along with the fact that con- 
siderable numbers of the malignant cells persist in the circulation of mice at a 
late stage of the disease, suggests that the density of the circulating malignant 
cells in mice with advanced leukaemia may be the result of a continual input 
of cells from the lymphatic tissue and a simultaneous continual withdrawal of 
the cells in other situations. 

The results of the present studies of dissemination have indicated that the 
distribution of the cells during the first week after intraperitoneal injection is a 
matter requiring further detailed study. It should be mentioned here that Skipper 
et al. (1957) demonstrated mouse leukaemia cells by transplantation methods in 
the spleen, liver, lymph nodes, lungs and blood of mice that had been injected 
intraperitoneally 24 hours previously with 20,000 or more cells of an AK leukaemia. 
The inoculum of tissue was in each case a 100 mg. aliquot of a pool from a group 





398 H. B. HEWITT 


of similarly treated mice, so that comparison of these results with those presented 
here is difficult. However, these authors do not mention, even in the case of the 
spleen and liver, what steps were taken to prevent contamination of their inocula 
with malignant cells free in the peritoneal cavity, an omission which detracts 
from the value of the data they give as evidence of actual dissemination to the 
tissues they investigated. 

The failure of injections of very large doses of radiation-killed leukaemia cells 
to influence the progress of the transplanted disease contrasts with the results 
both of Revesz (1955) and Scott (1957). Revesz, using the Ehrlich ascites tumour, 
found that the addition of radiation-killed cells to viable cell inocula stimulated 
the growth of ascites tumours from large inocula but inhibited the growth from 
small inocula. Scott, using the same tumour, found that the growth of ascites 
tumours from both small and large inocula of viable cells was stimulated by the 
presence of radiation-killed cells. Hewitt (1953) found slight evidence of an 
increase of the incidence of solid sarcoma 37 tumours from small viable cell 
inocula when these were mixed with a preponderance of sarcoma 37 cells killed by 
freezing. Since the experiments reported here with CBA mice were made using 
a genetically pure tumour-host system, and are in this respect distinctive, it is 
possible that the stimulation or inhibition effects observed in the experiments 
referred to were manifestations of immunity factors. 

Failure to effect significant modification of the course of the transplanted 
disease by cortisone treatment of the mice is a finding which conforms to clinical 
experience with the cortisone treatment of acute lymphatic leukaemia in children 
(Mider, 1957). 

Fig. 6, constructed from the data of 6 intraperitoneal titrations, shows the 
relationship between the mean number of morphologically intact leukaemia cells 
injected intraperitoneally and the proportion of injected mice subsequently 
dying of leukaemia. It will be seen that, within the limits of experimental error, 
the plotted points conform to the theoretical Poisson curve. When, as here, 
the conditions of sampling justify the use of the Poisson series, the chance of 
obtaining at random a sample (inoculum) containing no “ taking unit ”’ for success- 
ful transplantation of the leukaemia, is connected by a calculable relation with 
the mean number of such units per sample. This chance is given as c~™, where 
m is the mean number of units per sample (Fisher, 1950). When m = 1, c~™ = 37 
per cent. From Fig. 6, a suspension which gives 37 per cent of failures (63 per cent 
of takes) contains a mean of about 3 morphologically intact malignant cells. This 
means that, of every 3 cells in an inoculum only 1 is likely to be able to give 
rise to a fresh leukaemia cell population. An important consideration here is the 
cause of the failure of two-thirds of the apparently viable leukaemia cells to convey 
the leukaemia when transplanted. It is possible that this proportion represents 
cells which were damaged by the pipetting necessary for mixing and making the 
dilutions. Cells in the final dilutions of a series will have been sucked up and 
discharged from a pipette about fifty times, and it seems likely that such treatment 
would reduce the viable cell count ; moreover, high TD50 values were obtained 
in titrations in which the pipetting was greater than usual. A second possibility 
is that a proportion of the injected cells were deposited in an inimical situation. 
In view of the fact that no significant differences were observed between the 
TD50 values obtained for titration of a suspension by the intravencus, intra- 
peritoneal and subcutaneous routes, this explanation seems improbable. Since 
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transplanted tissue will proliferate when confined in micropore filters (Algire, 
Weaver and Prehn, 1954) it seems most unlikely that injected single cells could 
find themselves in any part of the tissues where they would fail to make contact 
with their requirements. Evidence has been presented elsewhere (Hewitt, 1956) 
which suggests that the hazard to healthy isolated malignant cells, once they have 
been injected, is probably insignificant. Apart from these possible hazards to the 
cells involved in their handling during the transplantation procedure, there 
remains the possibility that a proportion of the cells which pass as viable cells in 
the counts are, in fact, intrinsically defective, having arisen from a disordered 
mitosis and being incapable of giving rise to a clone in any circumstances. That 
such ‘‘ doomed ”’ cells do arise in the leukaemia cell population there is little doubt. 
Histological examination of leukaemic tissues reveals that, apart from zones of 
apparently dead cells (which may be small areas of infarction), there is, among the 
healthy malignant cells, a random distribution of cells displaying pycnosis or 
karyorrhexis. These form a fairly constant proportion of the malignant cells 
and are to be seen in all infiltrated tissues and in the blood of leukaemic mice. 
Pyenotic cells are not infrequently seen adjacent to mitosing cells, and it is 
concluded that degeneration of the cells is determined by intrinsic defects. Since 
the length of time for which such cells remain in the tissues is not known, the 
frequency with which they arise cannot be stated. It is clear, however, that a 
comprehension of the population changes in the malignant cells requires a con- 
sideration of the frequency of such intrinsically defective cells. It may be noted 
that the TD50 values reported here for the CBA leukaemia are considerably 
less than have been obtained by other workers in similar experiments with other 
strains of mouse leukaemia. Furth and Kahn (1937), in their classical study of 
the quantitative transplantation of mouse leukaemia, obtained only 5 per cent 
of takes in 97 transplantations of single leukaemic cells, whereas in the present 
experiments 25 per cent of takes were obtained for inocula calculated to contain 
an average of one cell. Goldin et al. (1954) give a dose response curve for trans- 
plantation of a mouse leukaemia which shows a TD50 value of about 1000 cells, 
compared with 2 cells obtained here for the CBA leukaemia. Comparisons of this 
kind can be made usefully only if identical techniques are used in the two experi- 
ments. Technical differences relating to the medium used for dilution purposes, 
the temperature at which the dilutions are carried out, the time elapsing between 
killing the donor mouse and injecting the cells, and the method of preparation of 
the single-cell suspensions, would be expected to have a considerable influence on 
the viability of the explanted cells and thus on the results of viable cell titrations. 
The following technical details of the titration procedure used in this laboratory 
are aimed at reducing to a minimum possible unfavourable influences on the cells : 
the use of hand mincing by scissors to release the single cells, this having been 
found to be far less damaging than methods involving incisive cuts by sharp 
blades ; a fully aseptic technique ; the use of a protein-containing medium for 
the dilutions ; reduction to a minimum of the time between preparation of the cell 
suspension and injection of cells ; the use of pipettes having a relatively wide bore 
even at the tip, for mixing and diluting ; and keeping the cells cold throughout 
the in vitro procedures. 

Sixteen mice which were injected in utero with centrifuged extracts of CBA 
leukaemia cells survived for one year without developing leukaemia. By contrast, 
Gross (1954) records that, of 41 C3H or C3Hf mice which were injected with 





400 H. B. HEWITT 


centrifuged extracts of AK leukaemic tissue, almost half developed leukaemia at 
an average age of 5} months. Thus, there is no analogy, in this respect, between 
the AK leukaemia and the CBA leukaemia described here. It is clear that non- 
cellular transmission of a leukaemia is less likely to be encountered in circumstances 
where no “ vertical ”’ transmission of the leukaemia from generation to generation 
of an inbred strain has been observed. Until non-cellular transmission has been 
demonstrated for leukaemias arising in mice of strains other than the AK strain, 
as was attempted here, no general statement about the aetiology of mouse leuk- 
aemia appears to be permissible. Investigating the aetiology of a disease in which 
an extrinsic agent is known to play a decisive role is, both technically and intellec- 
tually, a more promising undertaking than the investigation of conditions in 
which no such agent is likely to be demonstrable. It is for this reason, perhaps, 
that there is a tendency to extend the concept of an extrinsic agent far beyond the 
limited circumstances in which such a factor has been found. As far as mouse 
leukaemia is concerned, it is useful to maintain the perspective of the subject by 
insisting upon the uniqueness of the AK leukaemia situation until such time as 
one or more extrinsic factors can be demonstrated in sporadic cases of leukaemia 
occurring in mice of other strains. 


SUMMARY 


1. Differences are described between the pathological findings in a CBA mouse 
with spontaneous lymphocytic leukaemia and those in CBA mice to which the 
leukaemia was subsequently transplanted. The significance of these differences is 
discussed in relation to genesis of the leukaemia in the original mouse. 

2. The typical course of the transplanted disease is described with particular 


reference to the changes in the circulating leucocytes. 

3. Signs of severe disturbance of the central nervous system, occurring in 
one-quarter of the mice bearing the transplanted disease, were associated with 
foci of degeneration in the cerebellum ; no malignant infiltration of the brain was 
observed. No evidence of an associated neurotropic virus infection was obtained. 

4. The malignant cells resembled the larger cells of the normal thymus gland. 
The diameters of the malignant cells gave a characteristic frequency distribution 
curve which was readily distinguishable from that of the nucleated cells released 
from normal organs such as the spleen, thymus or lymph gland. The construction 
of such curves provided a means of demonstrating the degree of replacement by 
malignant cells in lymphoid tissue. 

5. After injection of malignant cells into the peritoneal cavity, there was an 
initial increase in the number of malignant cells in the cavity but this did not 
progress and no ascites tumours were produced. Solid tumours were not seen 
after the subcutaneous injection of malignant cells. 

6. After the intraperitoneal injection of 10° malignant cells, transplantable 
malignant cells were not demonstrated in the blood, lungs or axillary glands of 
the injected mice until at least 1 week after injection. 

7. The mean survival time of mice injected with malignant cells was not 
modified by splenectomy three days before, or by administration of cortisone or 
the injection of large numbers of radiation-killed malignant cells after, the injection 
of viable malignant cells. 

8. A method is described for the “ titration’ or bioassay of suspensions of 
viable malignant cells, the results of a titration being expressed as the TD50, 
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that is the number of apparently viable malignant cells required to convey leukaemia 
to 50 per cent of a group of injected mice. The TD50 values obtained in 6 separate 
intraperitoneal titrations of cells derived from leukaemic livers varied from 0-7 
to 3-0 cells (mean, 2-0 cells). The following factors had no significant influence on 
the TD50 values: the route of injection of the cells (intravenous, intraperitoneal 
or subcutaneous) ; storage of the cells for 8 hours at 0—2° C. before injection ; 
or the source of the leukaemia cells (leukaemic liver or blood). 

9. The leukaemia was not transplantable to adult mice of a heterozygous 
albino strain but was successfully transplanted to a proportion of the albinos by 
their injection in utero. 

10. The results of several experiments, including the injection of centrifuged 
extracts of leukaemic tissues into CBA mice in utero, provided no evidence of 
cell-free transmission of the leukaemia. 


I am indebted to Mrs. Dorothy Levy for her skilled technical assistance, and 
to Dr. P. Hansell and the Department of Medical Photography, Westminster 
Hospital for the photomicrographs. I am grateful for grants from the British 
Empire Cancer Campaign, during tenure of which this work was done. 
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EVEN under standardised conditions—using mice of an inbred strain, of one 
sex and approximately the same age, maintained on a standard diet, and kept 
at constant room temperature—the individual responses to skin carcinogenesis 
have a wider scatter than can reasonably be attributed to “‘ normal ”’ biological 
variations such as those obtaining, for instance, in pharmacological assays. 
In such a “ standardised ” group of mice, painted repeatedly with a carcinogenic 
hydrocarbon, one animal might develop its first papilloma in 6 weeks while another 
might not do so till after 40 weeks. Considerable variation is also observed in 
average response between one group and another. When, for instance, identical 
carcinogen controls (30 mice per group) from different experiments are compared, 
it is not unusual to find differences of 4 or even 5 weeks in average latent period. 
Consequently, in assessing the significance in response between experimental 
groups and their controls, values of up to 5 weeks may have to be ignored, or at 
least accepted with reservation, even when statistical significance tests suggest 
that the differences might be real. Thus despite all attempts at controlling the 
experimental conditions for carcinogenesis studies, some disturbing variables 
still exist. 

When Andreasen and Engelbreth-Holm (1953) discovered the “hair cycle 
effect ”’ on skin carcinogenesis in the mouse, it was hoped that one of these variables 
was finally accounted for. They showed that a single application of 9 : 10-dimethyl- 
1 : 2-benzanthracene (DMBA) in benzene induced skin tumours at least 5 times 
more effectively when the skin, at the time of application, was in the “ resting ”’ 
than in the “ growth ” phase of the hair cycle. More striking differences still were 
subsequently reported by Borum (19545). The terms “ resting ’ and “ growth ”’, 
in this connection, refer to the lengths of the hair follicles (Andreasen, 1953 ; 
Borum, 1954a), associated with pronounced differences in cell count (Klinken- 
Rasmussen, 1954a) and mitotic activity (Klinken-Rasmussen, 19545) in the follicles, 
though not in the surface epithelium. 

There were two impelling reasons for wanting to elucidate the mechanism of 
this “‘ hair cycle effect’: (1) to explain the apparent paradox, that the skin is 
more responsive when the hair follicles are inactive, yet less responsive when 
the hair follicles are altogether absent, e.g. in new-born mice (Suntzeff, Carruthers 
and Cowdry, 1947) or hairless scars (Lacassagne and Latarjet, 1946); and (2) 
to determine whether, in practice, the state of the hair cycle will have to be taken 
into account in future carcinogenicity experiments on mouse skin. 

The present study may conveniently be described in 4 parts : (1) establishment 
of the time curve for the hair cycle rhythm in our (Swiss) strain of mice; (2) 
confirmation of the difference in response at the two phases of the hair cycle ; 
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(3) analysis of the hair cycle effect in relation to the two stages of carcinogenesis ; 
and (4) fluorescence microscopy studies of carcinogen-treated skin at the two 
phases of the cycle. 


METHODS 
Animals 
The mice used in these experiments were of the Swiss strain, inbred in these 
laboratories by brother-to-sister mating for 17-24 generations. They were housed 
in an air-conditioned room at 21-23°C. and fed on Purina laboratory chow, 
occasionally supplemented by mixed cereals, and water ad libitum. 


“* Hair cycle” 
For establishing the normal hair cycle in our strain, untreated skin specimens 
from the inter-scapular region were taken from mice ranging from 6 to 130 days 


mm. TIME CURVE OF HAIR CYCLE IN “SWISS” MICE 
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Fie. 1.—Time curve for the “ hair cycle ” of female “‘ Swiss ” mice for the skin of the inter- 
scapular region. The curve was derived from average values (distances from the surface 
epithelium to the roots of the hair follicles, measured at right-angles to the surface), from 
4 mice for each age period, at intervals of 2-6 days. (Individual points not recorded.) 
G = growth phase (Ist, 2nd, and 3rd); R = resting phase (Ist, 2nd, and 3rd). 





of age, at intervals of 2-6 days (the shorter intervals mainly at the earlier ages), 
4 mice being taken for each age period. The excised pieces of skin were slightly 
stretched on cork and fixed in Zenker’s acid fluid; thin paraffin sections, cut 
anterio-posteriorly to avoid cross-sectioning of the sloping hair follicles, were 
stained with haematoxylin and eosin, the average thickness, from the skin surface 
to the base of the hair follicles, being measured under the microscope, using a 
calibrated micrometer eye-piece, and the values plotted against time (Fig. 1). 
A duplicate series was similarly studied, using mice that had previously been 
painted once with DMBA in liquid paraffin. 


Skin painting 
In the skin painting experiments, a 0-5 per cent solution of DMBA in benzene, 
or a 1-5 per cent solution in medicinal liquid paraffin, according to the nature of 
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the experiment, was applied to a small area of skin (about 2 x 2 cm.) in the 
inter-scapular region, the benzene solution being applied as a single drop from a 
pipette, and the liquid paraffin solution by means of a glass rod. In some of the 
early experiments (Series I, ITI, and IV), the phases of the hair cycle were calcu- 
lated from the time curve (Fig. 1) according to the exact ages of the animals ; 
in subsequent experiments (Series II, V, VI, and VII), the phase of the cycle 
was separately checked in each mouse by observing the growth (or absence of 
growth) of the hair stubs, for several days after dyeing the hair (Borum, 19542). 
In the experiments involving croton oil treatment for promoting action, a 5 per 
cent solution in liquid paraffin was used, applied twice weekly. Other procedures 
connected with the skin painting, as well as the methods of recording the tumours, 
were as previously reported from this laboratory (Berenblum and Haran-Ghera, 
1957). 


Persistence of fluorescence 


For determining the persistence of fluorescence in the skin at the two phases 
of the cycle, 3 : 4-benzpyrene (BP) was used in place of DMBA, because of its 
more intense fluorescence and its relatively greater stability to light. A single 
application of a 0-5 per cent solution in benzene was given to two groups of mice, 
at the appropriate resting and growth phase, respectively, and 3 mice per day 
from each group were killed for examination on 16 successive days after painting. 
The treated skins were excised and fixed in 10 per cent formalin for 24 hours, 
and frozen sections of 10-12 ~ were cut and mounted in glycerine. These were 
examined in a darkened room by ultraviolet illumination through a microscope 


fitted with a quartz condenser. Note was taken (a) of the intensity of fluorescence, 
by an arbitrary, semi-quantitative method, assigning one to five pluses according 
to intensity, and (b) of its distribution in the various layers of the skin (i.e. in the 
keratin, surface epithelium, hair follicles, spaces in the follicles round the hairs, 
sebaceous glands, etc.). A duplicate series was also examined, using 0-5 per cent 
BP in liquid paraffin. 


RESULTS 


1. Determination of hair cycle curve for Swiss mice 


The curve for the hair cycle pattern of untreated female Swiss mice (for the 
inter-scapular region) is illustrated in Fig. 1. Though the shape of this curve 
differs somewhat from that of Andreasen and Engelbreth-Holm (1953) for their 
St/Eh strain of mice, the actual peaks show good agreement. A noteworthy 
feature of our curve was the very narrow ranges for the first two growth phases 
(G1 and G2) and the first resting phase (R1), in contrast to the wide trough for the 
second resting phase (R2). For mice that had previously received a single painting 
of DMBA in liquid paraffin, the whole curve was found to have been advanced by 
about 3 days. For practical purposes, however, this could be ignored (a) because 
variations of that order of magnitude exist, in any case, among the individual 
mice, and (b) because in the later experiments, the time curve was only used for 
orientation, the exact phase in each animal being checked by observing the growth, 
or absence of growth, of the dyed hair stubs. 
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2. Confirmation of the hair cycle effect on skin carcinogenesis in the mouse 


When a single application of 0-5 per cent DMBA in benzene was tested at the 
resting and growth phase, respectively, the results were essentially the same as 
those reported by the previous investigators (Andreasen and Engelbreth-Holm, 
1953 ; Borum, 19545), namely, a high tumour yield when application was at the 
resting phase and a low tumour yield when at the growth phase. The experiment 
was performed twice, once without individual checking of the phase in each 
animal (Series I), and a second time, with such individual checking (Series IT). 
It will bs noted that the “ hair cycle effect ’”’ was far more pronounced in Series IT 
(Table I). In the latter series, no tumours developed at all when application was 
at the growth phase. 


TaBLE I.—Jnfluence of Phase of Hair Cycle on Response to Single Application of 
DMBA (9: 10-Dimethyl-1 : 2-Benzanthracene) in Swiss Mice 


(Tumour yields after 10 weeks)* 


Mice bearing Average 
papillomas / number of 
Phase of survivors papillomas, 
Series Treatment cycle (%) per mouse 
I (1) . 0-5% DMBA in . R1 (20)t , 6/24 25 ‘ 0-3+0°1 
benzene 
I (2) ° Ditto ‘ R2 (52) ‘ 5/20 25 ° 0-4+40-2 
I (3) ; o ° G2 (33) ° 1/20 5 ° 0-1+0-09 


II (1) ‘ °° ‘ R2 (48-55)ft . 17 /24 71 ° 1-0+0-2 


IT (2) , °° : G2 (30-31)} . 0/34 ° — 

IIT (1) - 1-5% DMBA in . R2 (52) : 0/20 ‘ — 
liquid paraffin 

IIT (2) ‘ Ditto ° G2 (33) , 0/17 : — 

III (3) ‘ o . R2 (55)t ‘ 1/30 ° — 

III (4) ‘ - ° G2 (32)} . 0/23 — 


* Series III observed for 20 weeks longer without further tumours appearing. 
t Figures in parentheses give ages of animals in days. 
t Phase of hair cycle, in these mice, checked individually by “ hair dyeing ”’ technique. 


An incidental finding was that most of the mice treated with DMBA in benzene 
during the resting phase developed some ulceration, followed by scarring, of the 
treated skin, while no such effect was observed in any of the mice similarly treated 
during the growth phase. 

Among the controls, 4 groups of mice, 2 at the resting and 2 at the growth 
phase, respectively, were given a single application of 1-5 per cent DMBA in liquid 
paraffin, without further treatment: only one tumour appeared in the 4 groups 
(see Series III, Table I). The result was hardly surprising, in view of the previous 
demonstration that the effective concentration in the skin is at least 6 times 
lower when the carcinogen is applied in a non-volatile solvent (Berenblum and 
Schoental, 1947), and that such a solution of DMBA in liquid paraffin effectively 
serves as an initiator—i.e. eliciting tumours only when followed by repeated 
croton oil applications (Berenblum and Shubik, 1947; etc.). Nevertheless, 
confirmation of its failure to produce tumours alone, tested separately at the two 
phases of the cycle, was a necessary preliminary for the subsequent experiments 
(see below) in which DMBA in liquid paraffin was used as initiator for testing 
the “ hair cycle effect ” in terms of the two stages of carcinogenesis (Table I). 
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3. Influence of hair cycle in relation to the separate stages of skin carcinogenesis 

Our first attempt to determine the hair cycle effect in relation to the two 
stages of carcinogenesis was somewhat over-ambitious, being planned to test, 
in one experiment, all four variables—i.e. initiation at R followed by promotion 
at R, initiation at G followed by promotion at G, and the two reciprocals, including 
all the necessary controls (Series IV, Table IT). The plan was feasible for initiation, 
since the single application of DMBA in liquid paraffin could be made to corre- 
spond to a single phase of the cycle ; it was not feasible for promotion, since the 
latter action, by means of croton oil treatment, had to continue for a much longer 
period than one phase of the cycle to be effective (see below). Actually, in the 
present experiment only the commencement of the croton oil treatment was 
timed for a specific phase of the cycle. 

The results of the experiment (Series IV, Table II) were somewhat ambiguous : 
Varying the time of commencement of promoting action, according to the phase 
of the cycle, did not seem to influence the tumour yield ; but varying the time of 
initiating action gave results that were at first interpreted as suggestive of a 
higher tumour yield at the resting than at the growth phase. The differences 
were not pronounced, however. There were, moreover, some defects in the experi- 
ment as a whole : (a) the exact phase of the hair cycle, for each particular action, 
was based on the ages of the mice (and deduced from the time curve) instead of 
on individual checking of each animal, and (b) one of the groups suffered a high 
mortality through intercurrent infection, rendering the values of that group 
invalid. (It is common experience that tumour yields tend to be abnormally low 
among sickly mice.) 


TaBLE II.—Influence of Phase of Hair Cycle on Initiating and Promoting Action 


Mice bearing Average 
papillomas / number of 
Primary Secondary survivors papillomas 

Series treatment* Phase treatmentt Phaset (%) per mouse 
IV (1) . DMBA x1. R1(22)§ . Croton oil x 60 . G@2(30)§ . 16/20 . 4941-0 
IV (2) . * - #R1(22) . - - R2(50) . 28/30 - 5640-4 
IV (3) . am « See « ‘ - R1I(19) . 31/35 - 2-640-4 
IV (4) . “s ; Cae « i . @2(30) . 6/14 . 0840-3 


Controls 
IV (5) . oa . R1(22) . Liq. paraff. x60. G@2(30) . 0/20 
IV (6) . af . Ri(22) . . R2(50) . 0/26 
Aur a - G1(9) ; am . R1(19) . 0/25 
IV (8) . - . G1 (9) ; eo - G2(30) . 0/22 
IV (9) . Liq. paraff.. R1(22) . Crotonoil x 60 . G@2(30) . 0/26 
1 


a 
IV(10). Ditto . R1(22) . ‘a . R2(50) . 1/29 


* DMBA (9 : 10-dimethyl-1 : 2-benzanthracene): 1-5 per cent in liquid paraffin. 

t Croton oil: 0-5 per cent in liquid paraffin, twice weekly (i.e. x 60 = 30 weeks). 
¢ Phase at commencement of secondary treatment. 

§ Figures in perentheses give ages of animals in days. 


A second expriment was, therefore, carried out under more rigid conditions, 
namely (a) by using larger numbers of animals, (6) by checking the exact phase 
of the cycle in each animal, and (c) by concentrating only on initiating action, 
with respect to the two phases (and starting the croton oil treatment after a 
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fixed interval of 2 weeks following the initiating stimulus). The results of this 
experiment show that initiating action is, after all, not affected by the state of 
the hair cycle. If anything, the tumour yield was higher when initiation was at 
growth than at resting (Series V, Table IIT). 


TaBLE III.—Repeated Experiment on the Influence of Phase of Hair Cycle on 
Initiating Action 
(Phase of cycle checked in each mouse by hair dyeing technique) 
Mice bearing Average 
papillomas / number of 
Primary ° Secondary survivors papillomas 
Series treatment* . Phase treatmentt{ % per mouse 
Vil) . DMBAx1 . R2(45)t . Crotonoil x 20. 49/50 98 . 7-240-5 
Vv(z) tg ee - @2(32) . - - 39/39 100 . 10-240-7 


* DMBA: 0-3 per cent in liquid paraffin. 
t Figures in perentheses give ages of animals in days 
t Croton oil: 0-5 per cent in liquid paraffin, pn a weekly (i.e. x 20 = 10 weeks), begun two 
weeks after primary treatment. 


Further confirmation of this was obtained in an indirect way, based on the 
principle that, if initiation is indeed unaffected by the phase of the cycle, the same 
number of dormant tumour cells should exist at the two phases, irrespective of 
whether visible tumours are manifested or not ; and this should be demonstrable 
by subsequent croton oil treatment. 

Two groups of mice from a previous experiment (Series II) were used for the 


test, those painted with DMBA in benzene at the resting phase having developed 
a number of tumours and those at the growth phase none at all. These were 
submitted, 10 weeks after initiating action, to standard croton oil treatment . 
(Series VI, Table IV). Many new tumours developed in both groups, and the tumour 
yield eventually equalised, as was to be expected if the number of dormant 
tumour cells was the same. 


TaBLE IV.—Effect of Croton Oil Treatment on Tumour Incidence Ten Weeks after 
Primary Treatment with DMBA in Benzene 


(Phase of cycle checked in each mouse by hair dyeing technique) 


Mice bearing Average Mice bearing Average 
papillomas/ number of papillomas / number of 
survivors papillomas Secondary survivors papillomas 
Phase (%) per mouse treatmentt{ (%) per mouse 
- DMBA x1. R2(48)|| . 9/11 82 . 1-440-3 . Crotonoil x 20. IL1/1l 100 . 17-140-9 
- @2(31) . 0/20 0. no ‘ a - 20/20 100 . 17-341-0 


Controls 
se - R2(55) . 8/13 61 . 0-640-1 . Lig. paraf.x 20. 5/13§ 38 . 0-440-1 
@3 (30) . O/l4 0. —_ ; - 8 san — 


* Mice VI (1) and (3) were from Series II (1) ; mice VI (2) and (4), from Series II (2). See Table I. 
tT DMBA: 0- *5 per cent in benzene. 

al Croton oil: 0-5 per cent in liquid paraffin, twice weekly (i.e. for 10 weeks), begun 10 weeks after primary 
tment. 
§ Three of the original 8 tumours ne during the secondary treatment. 
|| l igures in perentheses give ages of animals in days. 
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Having thus established that initiating action was not affected by the phase 
of the hair cycle, and having failed so far to determine whether or not promoting 
action was affected by the phase of the cycle, two further experiments were under- 
taken to test the latter problem: In one experiment, croton oil treatment (after 
a suitable initiating stimulus) was restricted to 3 applications, timed to correspond 
to the resting phase in one group and the growth phase in another. In the second 
experiment, DMBA in liquid paraffin was applied twice, at suitable intervals, 
in the hope that the second application would serve as promoting agent. Unfor- 
tunately, no tumours developed in any of the animals of either experiment ; so 
that the problem of the hair cycle in relation to promoting action still remained 
unsolved. (In view of the negative results, no details of these experiments need 
be presented here.) 

The interim conclusion reached at this stage was that, since the “ hair cycle 
effect ’ did not operate on initiation, but did manifest itself so strongly on total 
carcinogenesis, it presumably operated on promotion, even though a suitable 
experimental system had not been devised by then to prove the point. Further 
experiments were then carried out, based on the following reasoning : 

The fact that tumours develop after a single application of DMBA in benzene, 
without any further treatment, implies that the carcinogen performs promoting 
action as well as initiating action under these conditions. But since promoting 
action is known to be a slow process following initiating action, it must operate 
as a delayed effect, i.e. well after the time the carcinogen is applied. This raised 
the possibility that when DMBA in benzene is applied during the resting phase, 
its promoting effect actually operates during the subsequent growth phase. Such 
a possibility would, incidentally, also explain the paradox—why responsiveness 
should be higher at the resting phase, when mitotic activity (at least in the hair 
follicles) is reduced to a minimum. 

To put this idea to the test, the following two experiments were performed : 

A.—tThe original expriment with DMBA in benzene, at the resting phase, 
was repeated in duplicate, with one group painted at the end of resting phase R2 
and the other at the beginning of resting phase R3, using as another comparison 
the group from a previous series, painted at the beginning of R2. If the idea, 
put forward above, were correct, one would have expected the tumour yield to 
have been higher at the end than at the beginning of a resting phase, since the 








EXPLANATION OF PLATE 


Fic. 2-7.—Fluorescence photomicrographs of mouse skin after single application of 0-5 per 
cent 3 : 4-benzpyrene in benzene, at the “ resting ” phase (Fig. 2, 4, and 6) and the “‘ growth ” 
phase (Fig. 3, 5, and 7), from animals killed at different intervals after the ———— 
after 1 day (Fig. 2 and 3), 3 days (Fig. 4 and 5), and 8 days (Fig. 6 and 7). agnification : 
x 32. 

Note : (a) The strong fluorescence on the surface, and penetrating down the hair follicle 
spaces, surround the hairs, at 1, 3, and 8 days at the resting phase (Fig. 2, 4 and 6) but 
only at 1 day (Fig. 3) and for a short distance at 3 days (Fig. 5) at the growth phase. In Fig. 
3, the fluorescence actually penetrate to the lower parts of the hair follicles, though this is 
not clearly seen in the photograph. 

(6) The fluorescent material in the adipose tissue in Fig. 2 and 3 (i.e. after 1 day in both 
resting and growth phase) is no longer visible at the later periods. 

(c) The hair follicles at the resting phase are short and vertical ; those at the growth phase 
are sloping and very much longer ; in Fig. 6 (resting phase after 8 days), the hair follicles have 
already entered the next growth phase, subsequent to the application, though the fluorescence 
is confined to the upper parts of the follicle spaces. 
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subsequent promoting action in the former would fall within the following growth 
phase. Actually, the opposite was observed (Series VII (1) and (2) and VI (1), 
Table V). 


TaBLE V.—Difference between Beginning and End of Resting Phase on Tumour 
Yield Following Single Application of DMBA in Benzene 


(Phase of cycle checked in each mouse by hair dyeing technique ; tumour yield after 10 weeks) 


Mice bearing Average 
papillomas / number of 
Phase of survivors papillomas 
Series Treatment Cycle (%) per mouse 


VII(l) . DMBAx1_ . Endof R2(72)* . 2/32 6 . 0-06+0-004 
VII (2). a ° Start of R3 (105) . 8/29 28 : 0-3+0-3 
VI (1)t . na . Startof R2(47) . 9/11 82. 1-440°3 
* Figures in perentheses give ages of animals in days. 
t+ See Table IV. 


B.—The negative action of DMBA in benzene, at the growth phase (originally 
tested at G2, in Series IT), was retested at the G1 phase, in order to take advantage 
of the short interval between G1 and G2 (Fig. 1), with the expectation that 
“ delayed ” promoting action would this time fall within the second growth phase, 
and cause tumours to appear. In fact, no tumours developed at all in this experi- 
ment. 

These negative results not only disproved the postulated explanation put 
forward above, but also threw doubt on the original interpretation that the “ hair 
cycle effect ” was due to an excessive responsiveness at the resting phase or to a 
deficient responsiveness at the growth phase. 

An alternative possibility had then to be considered : that differences in per- 
sistence of the carcinogen rather than differences in responsiveness was the key to 
the “‘ hair cycle effect ’’. This was, therefore, next investigated by fluorescence 
microscopy. 


4. Persistence of fluorescence in carcinogen-treated skin at the two phases 


Mice painted once with 0-5 per cent BP in benzene at resting phase R2 and 
growth phase G2, respectively, were killed at daily intervals after application, 
and their skins examined by fluorescence microscopy, to determine the persistence 
of the carcinogen (and/or its violet fluorescent metabolites) in the different 
structures of the skin (Fig. 2-7). A duplicate series, receiving BP in liquid paraffin 
was also investigated. 

In the series painted with BP in benzene, the results were as follows: In the 
sebaceous glands, fluorescence remained strong for only 1 day in those painted 
at G, disappearing completely after the second day ; while in those painted at 
R, it remained strong for 10 days, with traces demonstrable for several days 
thereafter. In the lower spaces of the hair follicles round the hair roots, it likewise 
remained strong for 1 day at G, and weak for another day ; the corresponding 
times for R being 10 and at least 12 days. In the upper spaces of the hair follicles 
(ie. near the openings where the hairs emerge), fluorescence was strong for 3 days 
at G, with traces for several days thereafter, while at R it remained strong for 10 
days, and weaker for several subsequent days. In the skin epithelium proper, 
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the values for the two groups were closer, fluorescence remaining strong for 1 day 
at G and for 3 days at R. However, in the dead keratin lying loose on the surface 
of the epithelium (i.e. already shed from the living epithelium, and including 
material already extruded from the hair follicle spaces), the situation was reversed, 
with strong fluorescence (often in irregular patches) being found till the 6th day 
at G and till the 4th day at R. 

In the duplicate series painted with BP in liquid paraffin, the results were 
fairly similar with respect to timing, but the intensities of fluorescence were 
throughout much weaker. 

These results seemed compatible with the histological evidence of relative 
inactivity of the sebaceous glands (as well as of growth processes in the epithelial 
structures) at the resting phase, and therefore, with the inference that sebum 
secretion during the growth phase flushes out, within a day or two, the carcinogen 
that had originally penetrated into the spaces of the hair follicles, while the virtual 
absence of such secretion during the resting phase permits the carcinogen to remain 
there for at least 10 days. 


DISCUSSION 


As mentioned at the outset, the present investigation was undertaken to answer 
two questions—one of theoretical and the other of practical importance. The 
theoretical problem dealt with the apparent paradox—that mouse skin is more 
responsive to carcinogenic action when the hair follicles are inactive, yet less 
responsive when these are altogether absent. The practical problem was to deter- 
mine to what extent the “hair cycle effect” described by Andreasen and 
Engelbreth-Holm (1953) would have to be taken into account in future carcino- 
genicity experiments on mouse skin. The answers to both questions depended on 
a clearer understanding of the mechanism of this “ hair cycle effect ’’. 

Our first approach was to analyse this effect separately on the initiating and 
promoting components of carcinogenesis. The results obtained provided clear 
evidence that responsiveness to initiating action was unaffected by the phase of 
the hair cycle ; but it was more difficult to establish whether responsiveness to 
promoting action was affected by it. To investigate the latter directly proved 
impossible for technical reasons—i.e. because of the prolonged action (longer than 
one phase of a cycle) required to elicit promoting action with croton oil. More 
elaborate, indirect, methods had to be used to acquire the necessary information ; 
but the results finally obtained (Series VII) pointed strongly to the conclusion 
that promoting action, too, was unaffected by the phase of the hair cycle. In other 
words, though the tumour yield in response to total carcinogenesis (by a single 
application of DMBA in benzene) was undoubtedly higher when treatment was at 
the resting phase, this could not be attributed to enhanced responsiveness to 
either of the separate components of carcinogenesis. 

It thus became apparent, during the course of this work, that the original 
interpretation of the “ hair cycle effect ” in terms of responsiveness was fallacious, 
and that some other solution was needed to account for the phenomenon. 

A plausible alternative was that differences in persistence of the carcinogen in 
the tissues, at the two phases, rather than differences in responsiveness, might be 
the key to the “ hair cycle effect’. This was tested by fluorescence microscopy 
studies of skin in mice painted with benzpyrene at resting and growth, respectively. 
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The results showed that fluorescence in the sebaceous glands and in the lower 
spaces of the hair follicles persisted about 10 times longer at the resting than at 
the growth phase. Since secretory activity of the sebaceous glands (as judged 
histologically) is depressed at the resting phase, these fluorescence results are 
compatible with the conclusion that the carcinogen is quickly flushed out by sebum 
secretion in the case of the growth phase, whereas it persists for a long time in 
the case of the resting phase. 

Apart from providing a simple alternative to the invalidated “‘ responsiveness ”’ 
hypothesis, this explanation also resolves the apparent paradox referred to above. 
For, according to it, hair follicles in the resting phase provide a repository for the 
carcinogen, from which it is not rapidly eliminated ; absence of hair follicles, on 
the other hand, provide no such repository. 

One would expect that such a repository would not be essential for the rapid 
initiating action, but would be essential for the slow promoting action. This is, 
indeed, borne out by the results of the experiment (Series VI) in which DMBA 
in benzene was applied at each phase, and after the tumours appeared (in the 
“ resting’ group only), both groups were given repeated croton oil treatment. 
The ultimate tumour yield increased in both groups and eventually equalised 
(from 1-4 to 17-1 tumours per mouse in the “ resting ” group, and from 0 to 17-3 
per mouse in the “‘ growth” group). In other words, dormant tumour cells were 
induced in the two groups with equal ease; only their evolution into visible 
tumours (i.e. promoting action) was depressed at the growth phase. 

The likelihood that, even in the case of absence of hair follicles—when tumours 
fail to appear following a single application of carcinogen (Suntzeff, Carruthers 
and Cowdry, 1947)—initiation probably does take place, was largely borne out 
by recent results of Graffi and Reissig (1957), who found that tumours did develop, 
albeit in somewhat smaller yields than in adult mice, when new-born mice received 
a single application of DMBA, followed by croton oil treatment. (It is conceivable 
that ulcerations may have been responsible for the fact that the final tumour 
yield was somewhat lower than following comparable treatment in older mice.) 

The question of tumour yield calls for further consideration. The fact that the 
number of dormant tumour cells (in adult mice) does not increase by prolonging 
the time of action of the initiating agent, may seem surprising at first sight, 
though it is in agreement with some earlier results of Shubik and Ritchie (1953), 
who found that 2 or 3 applications of DMBA in liquid paraffin, followed by standard 
croton oil treatment, did not produce more tumours than one application, followed 
by such treatment, for any one concentration of initiator used. A possible expla- 
nation of both these results may be based on a concept of a gradiant of sensitivity 
to initiating action—i.e. that in any given colony of normal cells, those sensitive 
to conversion into dormant tumour cells, for any particular concentration of 
initiator, is constant. Thus, increasing the concentration of the initiator would 
render more cells susceptible to conversion, but increasing the number of applica- 
tions, or allowing the initiator to act or a longer period, would not. 

Another aspect of the problem is the question whether the persistence of the 
carcinogen, as an explanation of the “ hair cycle effect ” is to be accepted in the 
temporal sense only, or whether a minimal concentration, for a given length of 
time, is actually the critical requirement. 

That the latter may, in fact, be the true explanation, is suggested by the fact 
that the fluorescence, at the resting phase, remains as long when DMBA is applied 
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dissolved in liquid paraffin as in benzene. Only the intensity of fluorescence, in 
the former case, is weaker. As already pointed out, the induction of dormant 
tumour cells is as effective with DMBA in liquid paraffin as in benzene ; only 
promoting action is depressed when the former is used. 

The situation may be expressed more succinctly by saying that the effectiveness 
of initiation is a function of intensity of action only, while that of promotion is 
conditional on adequate intensity and length of action. 

Returning to the main objectives of this investigation, the following conclusions 
may now be drawn : 


(1) By eliminating the existence of hypersensitiveness to carcinogenesis during 
the resting phase, the apparent paradox is finally resolved. The “hair cycle 
effect ’” is manifestly not due to a difference in responsiveness at the two phases, 
but to a difference in retention of a sufficient concentration of carcinogen, critical 
for the promoting component of the carcinogenic action. 

(2) In so far as the “ hair cycle effect ”’ is the result of very special conditions— 
i.e. using a single application of a strong solution of a potent carcinogen, dissolved 
in a volatile solvent—the phenomenon is not likely to complicate the conventional 
techniques of carcinogenesis, which involve (a) repeated applications (in any 
solvent) for complete carcinogenesis, or (b) a single application of a solution in 
liquid paraffin for initiating action alone. 


SUMMARY 


The “ hair cycle effect ’ on skin carcinogenesis, described by Andreasen and 
Engelbreth-Holm (1953) in St/Eh mice, was confirmed in Swiss mice. Under 
rigid conditions for determining the phase of the cycle in each mouse, a single 
application of DMBA in benzene induced skin papillomas in 17/24 mice when 
application was at the resting phase and in 0/34 mice when at the growth phase. 

Analysis of the “hair cycle effect” in relation to the two components of 
skin carcinogenesis elicited direct evidence that responsiveness to initiation was 
unaffected by the phase of the cycle, and indirect evidence that responsiveness to 
promotion was also unaffected by the phase of the cycle. ' 

By fluorescence microscopy studies, it was possible to demonstrate that a 
carcinogenic hydrocarbon persists about 10 times longer in the deeper spaces 
of the hair follicles (sebaceous glands and round the roots of the hairs) at the 
resting than at the growth phase of the hair cycle. 

It is concluded that the “‘ hair cycle effect ” is due to an unduly short retention 
of an adequate concentration of carcinogen at the growth phase—insufficient for 
effective promoting action—and not to any difference in responsiveness of the tissues 
at the two phases. 


This work was supported in part by a grant from the Joseph and Helen 
Yeamans Levy Foundation, to whom the authors wish to express their indebted- 


ness. 
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WHEN Lacassagne (1939) first reported the induction of tumours in mice 
following repeated injections of testosterone, controversy arose as to the cause of 
these malignant lesions. Burrows (1945) was among the first to suggest the possi- 
bility that androgens might be converted into oestrogen within the body. The 
biochemical studies of Baggett, Engels, Savard and Dorfman (1956) have 
demonstrated that under certain conditions this conversion does occur and several 
workers (Kirkman, 1956; Rudali, Desormeaux and Juliard, 1956; Homburger, 
Borges and Tregier, 1957) have reported the induction of neoplasia in rodents 
treated with testosterone. 

The purpose of this communication is to report the induction of tumours in 
the albino rat and the golden hamster following prolonged administration of the 
male sex hormone, and also to discuss and correlate these findings with the object 
of helping to elucidate this problem. 


MATERIAL AND METHODS 


Young albino rats of undeterminate ancestry bred in this Institute were 
used exclusively in these experiments. Twenty female rats at the age of 3 days 
received a weekly subcutaneous injection of 0-5 mg. of testosterone propionate 
in arachis oil. At 21 days the dose was gradually increased to 1 mg. and after 
6 months all the survivors were receiving a weekly dose of 2-5 mg. of the male 
sex hormone. The injections were continued for 21 months. ‘ 

In another experiment 10 male golden hamsters when 2 weeks old received a 
similar weekly subcutaneous dose of testosterone propionate. After 16 months 
all the surviving hamsters were sacrificed and tissues for histological examination 
were fixed either in aqueous or alcoholic Bouin prior to staining with haematoxylin 
and eosin. 


OBSERVATIONS 


Nine rats out of the 20 receiving weekly inoculations of testosterone propionate 
died within the first 6 months’ period of treatment. One likewise died during 
the eighth month. Between 6 to 8 months after treatment with the male sex 
hormone all the surviving rats began to develop an hypertrophy of the clitoris 
which by the end of 12 months had become very pronounced (Fig. 1). 

Out of the 10 rats which survived a period of 16 months’ continuous treatment, 
one developed a large palpable abdominal lesion. Two months later this animal 
was killed and at autopsy it was found to possess a large unilateral ovarian 
tumour. There was no evidence of any secondary growths. The remaining 
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ovary was cystic, and the left uterine horn was enlarged and congested. After 
20 months testosterone treatment a second rat also developed a small abdominal 
palpable lesion. At post mortem this was found to be another small unilateral 
ovarian lésion. The remaining ovary appeared normal but the uterus was both 
cystic and congested. Twenty-one months after commencement of testosterone 
administration all the remaining rats were sacrificed and a third small unilateral 
ovarian lesion was detected. Of the remaining 7 rats, all but 2 of them, had 
congested uteri, and 2 possessed cystic ovaries. The pituitary glands were 
macroscopically normal in both size and appearance. It was of interest to note 
that no tumours developed at or near the site of inoculation. 

Histological examination of these ovarian lesions showed them to be theca-cell 
tumours. They possessed all the usual distinctive morphological features of 
thecomas, and were unilateral, encapsulated and of a firm consistency. Micro- 
scopically, they consisted of bundles of broad irregular shaped spindle-cells. 
Mitotic figures were frequent and many binucleated cells were present (Fig. 4). 
The first tumour examined had the character of a spindle-cell sarcoma, but when 
grafted subcutaneously into 10 adult female albino rats, the tumour in every 
instance failed to grow. The remaining two tumours were not transplanted. 

The cystic ovaries contained a haemorrhagic fluid and the cells lining the cysts 
appeared to have been derived from the theca interna. The uteri showed evidence 
of endometrial hyperplasia which was invariably accompanied by an overgrowth 
of the fibro-muscular stroma. One rat had a cystic glandular hyperplasia of the 
endometrium similar to that seen in rodents following prolonged oestrogenic 
administration. In some uteri, the glands possessed proliferating epithelium 
which in some instances showed atypical formation (Fig. 3). None of these uterine 
lesions could be diagnosed as malignant. There were no marked lesions in the 
cervix beyond a pronounced squamous metaplasia in the region of the isthmus 
seen in 2 rats. No theca-cell tumours have been recorded in any untreated albino 
rats belonging to this colony. 

Of the 2 adrenal cortical tumours seen in the male hamsters following continuous 
treatment with testosterone propionate, one was a large carcinoma, and the other 
was a cortical adenoma. The carcinoma was large, vascular and showed evidence 
of central necrosis and in some areas there was a varying degree of anaplasia 
(Fig. 2). This tumour was well circumscribed and devoid of metastases. The 
second tumour was a very much smaller lesion, similar in its histological structure 
to the cortical lesions reported by Horning and Whittick (1954) in the adrenals of 
hamsters following prolonged administration of stilboestrol. No spontaneous 
adrenal tumours have been observed in the colony of old hamsters in this Institute. 

It was of interest to note that in both the rat and the hamster after prolonged 
treatment with the male sex hormone, the pituitary glands were normal in size 
and appearance. In all instances there appeared to be an abnormal number of 
acidophils in the anterior hypophysis. 


DISCUSSION 


Both experimental and clinical evidence supports the contention that 
androgens, under certain conditions, act as non-specific carcinogens. Burrows 
(1945) when endeavouring to interpret the results of earlier investigators, was one 
of the first to suggest that the occasional development of tumours following 
androgen administration, might be due to its conversion within the body into 
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oestrogen. He pointed out that oestrogen is a metabolic product of androgen, 
perhaps in the form of ostrone. An earlier observation recorded by Parkes (1935) 
is of particular interest in this respect. He found that androstanediol provokes 
vaginal cornification in normal but not in spayed rats, a fact which suggests that 
in this instance the ovary may play a role in the conversion of an androgen into 
an oestrogen. Later Steinach, Kun and Peczenik (1936) found that the admini- 
stration of androsterone to rats was followed by an increased excretion of oestrogen 
in the urine. Steinach and Kun (1937) reported similar results in man following 
treatment with either androsterone or testosterone propionate. Observations 
of a similar nature were reported by Callow and Callow (1938) and Foss (1939). 
An increased output in urinary oestrogen after treatment of human ennchoids 
with androgen has been recorded by Hamilton, Dorfman and Hubert (1941), 
and in dogs by Paschkis, Cantarow and Raskoff (1943). Also gynaecomastia 
has been reported by McCullogh and Rossmiller (1941) following the administration 
of androgen to men, and Nathanson and Kelly (1952) recorded an increase of 
oestrogen in patients with breast cancer treated with androgens. Recently 
Myers et al. (1956) conclude that testosterone treatment induces objective 
suppression of growth in 20 to 25 per cent of women with breast cancer. Hence 
about half of those who might be expected to respond to the male sex hormone on 
the basis of oestrogen antagonism fail to do so. They also point out that failure 
to respond to therapy usually involves marked acceleration of the disease. From 
these and other clinical observations they contend that androgen may cause 
exacerbation of breast cancer, and that conversion to oestrogen affords a reasonable 
explanation. It is also suggested, however, that the breast cancer cell, being 
abnormal in so many respects to normal cells, may have lost its ability to distinguish 
between androgen and oestrogen, and, if such is the case, the malignant cell might 
thrive on any gonadal steroid. The interest of this speculation lies in the fact 
that many experimentally induced hormone-dependent tumours in rodents are 
dependent on either androgen or oestrogen for their sustained growth as transplants 
in host animals (Gardner, 1954 ; Miihlboch, 1953; Kirkman, 1956). 

Lacassagne (1939) was the first to report the actual induction of tumours 
in mice following treatment with androgens. Thirty-seven per cent of his mice 
treated with testosterone propionate or testosterone acetate developed sub- 
cutaneous sarcomas. According to Burrows (1952) injections of oil alone in 
rats occasionally induce a low percentage of sarcomas, but this is not the case in 
mice. In view of the high percentage of mice which developed neoplasia there 
seems little doubt that tumorigenesis was in this instance associated with a 
possible conversion of androgen into an oestrogen. This earlier work of 





EXPLANATION OF PLATE 


Fie. 1.—Hypertrophy of the clitoris in a 12-months-old rat which had received regular doses 
of testosterone propionate since the 3rd day after birth. x 1°8. 

Fic. 2.—Carcinoma of the adrenal gland in a rat which had received regular treatment with 
testosterone propionate for approximately 16 months. Observe evidence of central 
necrosis. xX 4. 

Fic. 3.—Uterine glands of an adult Albino rat following treatment with testosterone propionate 
since 3 days old. x 72. 

Fic, 4.—Theca-cell ovarian tumour in an Albino rat which developed after 16 months’ 
treatment with the male sex hormone. x 90. 
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Lacassagne, is supported by the recent experiments of Kirkman (1956), Rudali, 
Desmoreaux and Juliard (1956), Homburger, Borges and Tregier (1957). The 
studies of Kirkman (1956) in the Syrian hamster are of special interest. Instead 
of using the male sex hormone in a suspension of oil, he implanted pellets of 
testosterone propionate subcutaneously. Out of a total of 64 hamsters of both 
sexes, some of which were gonadectomised, 46 developed tumours. No tumours 
developed at the site of implantation. Thirty-five were adrenal cortical adenomas 
and one was a theca-cell ovarian tumour. The average latent period of induction 
was nearly 2 years. Rudali et al. (1956) have succeeded in inducing kidney 
neoplasia in AKR male mice following continuous treatment with androgen for 
19 months. More recently Homburger e¢ al. (1957) have obtained uterine 
sarcomas in the Swiss and BALB strains with testosterone treatment. These 
results, and those already described in this communication on the induction of 
theca-cell ovarian tumours in the rat following continuous administration with 
testosterone shortly after birth, together with the adrenal cortical tumours in the 
hamster after similar treatment, are also in accord with the early observations 
of Lacassagne and those of recent workers. 

The author agrees with Kirkman (1956) in assuming that testosterone under 
certain conditions acts as a non-specific carcinogen. Tumours which arise in 
animals following androgen administration appear to have a much longer period of 
induction than similar lesions resulting from oestrogenic stimulation. Thus 
some of the adrenal tumours induced by Kirkman (1956) in the male hamster 
with testosterone did not appear until 900 days after commencement of treatment. 
Also the theca-cell ovarian tumours in the hamster also induced by Kirkman in 
the same series of experiments took 693 days to develop, which is approximately 
the same period of induction as the theca-cell ovarian tumours in the rat. This 
long latent period before the onset of tumorigenesis by androgens may be due to 
the fact that the mechanism of its conversion into an oestrogen is a slow process. 
New light has been shed on this mechanism by the recent biochemical studies 
of Heard et al. (1955) and Bagget et al. (1956). The former investigators have 
found the excretion of C™ labelled oestrone by a pregnant mare to which C™ 
labelled testosterone had been administered, while Bagget et al. have conclusively 
demonstrated the conversion of testosterone to oestradial by human ovarian tissue. 

Although the mechanism of this phenomenon is not yet fully understood, a 
possible conversion of testosterone to oestrogenic steroids offers an interesting 
explanation of some of the experimental and clinical results discussed in this 


paper. 
SUMMARY 


1. The induction of theca-cell ovarian tumours in the Albino rat, together 
with adrenal cortical lesions in the golden hamster are reported following prolonged 
administration of testosterone. 

2. Literature on the development of neoplasia after treatment with androgens 
has been reviewed in the light of recent biochemical evidence which suggests a 
possible conversion of testosterone to oestrogenic steroids. 
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Rei and Lewin (1957), in a study of certain enzymes concerned in nucleic 
acid catabolism, found that nucleoside phosphorylase and xanthine oxidase were 
decreased in liver tumours. No study was made of ribonucleases, which according 
to a brief published report (Allard, 1955) may be normal or even increased during 
carcinogenesis. Liver cytoplasm contains at least two ribonucleases, an “ acid ” 
and an “alkaline” ribonuclease (de Lamirande, Allard, da Costa and Cantero, 
1954; Roth, 1954). Both are largely “‘ bound ” in particles which must be dis- 
rupted before assay if full activity is to be obtained (Pirotte and Desreux, 1952 ; 
de Duve, Pressman, Gianetto, Wattiaux and Appelmans, 1955 ; Nodes and Reid, 
1957, unpublished experiments ; Roth, 1957). The supernatant fraction remaining 
after centrifugation of cell particles also contains some alkaline ribonuclease which 
is, however, accompanied by an inhibitor (Roth, 1956). Taking such difficulties 
into account, an independent investigation has now been made of ribonuclease 
levels with histologically verified hepatomas induced in rats by azo-dye feeding. 

The main part of this paper deals with acid-soluble ribonucleotides, as charac- 
terized in normal liver by Hurlbert, Schmitz, Brumm and Potter (1954). These 
ribonucleotides (nucleoside 5’-phosphates) are known to be present in liver 
tumours (Daoust and Cantero, 1955) and in other tumours (Schmitz, Potter, 
Hurlbert and White, 1954; Saukkonen, 1956), but no quantitative study with 
liver tumours has hitherto been made. 

Data are presented not only for liver tumours, but also for liver tissue 
(hyperplastic) distant from the tumours, and for “ precancerous ”’ liver tissue 
from rats fed azo-dye for periods of 38 days or less. Since any abnormalities found 
with these tissues may well have little bearing on the development of malignancy, 
the results are considered only briefly. 


EXPERIMENTAL 


Animals and tissue fractions.—As in a previous study (Reid and O’Neal, 1956), 
the tissue fractions were derived from male rats fed on measured amounts of a diet 
which, for the experimental animals, contained 3’-methyl-4-dimethylaminoazo- 
benzene. The carcinogen was withdrawn at least 10 days before autopsy or, in the 
case of the “ precancerous liver” obtained by 23, 28 or 38 days of dye-feeding, 
2, 1 or 4 days before autopsy. (All experiments with “‘ precancerous ” liver are 
treated as comparable except where the results appeared to depend on the dura- 
tion of dye feeding.) No food was given on the day of autopsy. The hepatomas 
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were firm nodules, any tissue of necrotic appearance in the centre of the nodule 
being rejected. The samples of “liver distant from tumours ”’ were essentially 
free of nodules on gross inspection. 

In the ribonuclease experiments, as in the experiments of Reid and O’Neal 
(1956) and Reid and Lewin (1957), the tissue samples were homogenized in 0-25 M 
sucrose solution, and the debris (containing nuclei) obtained by centrifugation 
for 10 minutes at 600 g was again homogenized and centrifuged. The combined 
supernatants (cytoplasm) were centrifuged for 15 minutes at 10,000 g to sediment 
a mitochondrial fraction, which was washed once without removal of the “ fluffy 
layer’. Further centrifugation, for 90 minutes at 14,500 g, gave a microsomal 
fraction and a supernatant fraction. The various fractions were stored frozen 
(— 30°) until required for assay. 

Assays for ribonucleases.—The methods, and the choice of substrates, for assay 
of ribonucleases were based on the experiments of Stevens and Reid (1956) and 
of Nodes and Reid (1957, unpublished experiments) (cf. de Duve et al., 1955) ; 
all assays were carried out in triplicate. To ensure release of ‘“‘ bound ” activity, 
the tissue fractions were diluted with water and then frozen and thawed eight 
times. Acid ribonuclease were assayed with yeast RNA (dialysed) as substrate, of 
which 1 mg. in 0-4 ml. of 0-1 M acetate buffer (pH 5-0) was added to 0-3 ml. of the 
tissue dilution. Incubation was carried out at 37° with shaking, for 31 minutes or, 
with the blanks, for 1 minute. The reaction was stopped by addition of 0-7 ml. 
of cold 10 per cent perchloric acid solution containing 0-25 per cent uranyl acetate. 
After centrifuging, 0-5 ml. of the supernatant was diluted to 6 ml. for measure- 
ment of the extinction at 260 my (1 cm. light path). The factor 0-066 was used to 
convert the net increase in extinction to the activity of the original tissue sample 
in terms of wzmoles of mononucleotide formed per minute (de Duve et al., 1955). 
The reaction was linear with respect to tissue concentration up to an extinction 
difference (experimental less blank) of 0-8. 

In assays for alkaline ribonuclease, the diluted tissue fractions were adjusted 
to pH 3-5 with n-HCl, and heated for 10 minutes at 65° so as to destroy the 
inhibitor (Nodes and Reid, 1957, unpublished; cf. Roth, 1956) together with acid 
ribonuclease. The neutralized fractions were then subjected to 8 freeze-thaws as 
in the acid ribonuclease assays. The substrate was rat-liver RNA prepared by the 
method of Pain and Butler (1957) or, in a few experiments, by the method of 
Kirby (1956) ; 1-5 mg. in 0-2 ml. of 0-1 m histidine buffer pH 8-0) was added to 
0-1 ml. of the tissue dilution. Incubation was carried out as for acid ribonuclease, 
the reaction being stopped by addition of 0-3 ml. of the perchloric acid reagent. 
After diluting 0-25 ml. to 4 ml., the extinction was measured at 260 my, and the 
factor 0-038 used to convert the extinction increase to activity. Since the reaction 
was linear with respect to tissue concentration only up to an extinction difference 
of 0-10, any assay in which the difference exceeded this value had to be repeated 
with a lower tissue concentration. 

Ribonucleotides—The procedures were those described by Hurlbert ef al. 
(1954) and by Reid and Stevens (1957), and were followed scrupulously so as to 
minimize breakdown of the more labile ribonucleotides. In summary, the rats 
were killed by decapitation, and the tissue samples were frozen in liquid nitrogen 
within one minute and ground to a powder in the frozen state. After extraction 
in the cold with perchloric acid solution, and after removal of the KC10, precipitate 
obtained on neutralization of the extract with KOH, gradient elution chromato- 
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graphy was carried out with Dowex | resin (formate form). Formic acid was 
used initially, followed by formic acid-ammonium formate mixtures ; the effluent 
was collected in 5 ml. portions (about 300 in each run). Certain peaks which were 
known to be heterogeneous were rechromatographed using ammonium formate 
at pH 5, after removal of the formic acid by freeze-drying and of ammonium 
formate by sublimation below 40° (infra-red lamp) under high vacuum (diffusion 


pump). 
RESULTS 


The values obtained for ribonuclease activities and for ribonucleotide levels 
in control rats showed fair reproducibility ; however, the effect of any variations 
in environment or technique have been minimized by comparing each experimental 
rat with a control studied simultaneously, as in previous investigations (Stevens 
and Reid, 1956; Reid and O’Neal, 1956; Reid and Stevens, 1957; Reid and 
Lewin, 1957). With alkaline ribonuclease, the few values obtained using as sub- 
strate RNA prepared by the method of Kirby (1956) have been corrected to be 
comparable with those obtained using RNA prepared according to Pain and Butler 
(1957). 


TABLE I.—Ribonuclease Levels in Tissue Fractions 


The values are calculated as “moles mononucleotide liberated per min. per 

g. of tissue. The standard error is given after each mean difference ; the 

number of degrees of freedom and the probability that the difference could 
be due to chance (if < 10 per cent), are given parenthetically. 


Prolonged azo-dye feeding Brief azo-dye feeding 
—_= 





Experimental 

rats (i.e. “ pre- 
Control cancerous ” liver) : 
—_ rats, difference from 
Liver distant mean corresponding 
from tumours value controls 


Experimental rats : 
difference from 
corresponding controls 

— 





Hepatoma 
Acid Ribonuclease* 


Fraction 


Mitochondrial 


Microsomal 


Supernatant 


Mitochondrial 


Microsomal 


Supernatant 


* Nuclear fractions were not studied, since unbroken cells were present as well as nuclei. 


0-58 


—0-18 
+0-078 

; P< 10%) 
—0-05 
+0-042 (4) 
+0-11 
+0-120 (6) 


+0-03 
+0- 102 (4) 


+0-07 
+0-063 (3) 
+0-17 
+0-081 (3) 


Alkaline Ribonuclease* 


—0-05 


+0-037 (4) 


+0-09 
+0-093 (5) 


—0-01 
+0-023 (3) 
+0-06 
+0-045 (2) 


+0-18 
+0-130 (2) 


0-32 
0-12 


0-27 


—0-01 
+0-07 (3) 


+0-01 
+0-032 (3) 
+0-11 
+0-041 (5) 


5; P<5%) 


(6; 


—0-04 
+0-031 (6) 
—0-04 
+0-012 
P< 2-5%) 
—0-02 
+0-087 (5) 


In 


other experiments in the Laboratory (Stevens and Reid, 1956 ; Nodes and Reid, 1957, unpublished), 
assays on unfractionated cytoplasm have shown satisfactory recoveries of the cytoplasmic activity 
in the mitochondrial, microsomal and supernatant fractions (ca. 93 per cent recovery of acid ribo- 
nuclease, 90 per cent recovery of alkaline ribonuclease). 
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Ribonucleases.—As is evident from Table I, hepatomas showed no consistent 
changes except possibly a decrease (ca. 20 per cent; P < 10 per cent) in mito- 
chondrial-fraction acid ribonuclease activity. The values for hepatomas were 
particularly variable, for both enzymes, with supernatant fractions ; the higher 
values were not peculiar to one of the two main histological types encountered 
(adenocarcinoma ; trabecular hepatoma). With “‘ precancerous ” liver there was 
an increase (ca. 35 per cent) in the acid-ribonuclease activity of supernatant 
fractions, and a decrease (ca. 35 per cent) in the alkaline-ribonuclease activity of 
microsomal fractions. 

Acid-soluble ribonucleotides.—Fig. 1 shows uridine nucleotide levels expressed 
as differences from the levels in controls studied simultaneously. Taking into 
account that the values for the controls in these and other experiments did not 
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Fie. 1.—Changes in acid-soluble uridine nucleotide levels (density units per g. of tissue ; if 
a nucleotide peak when dissolved in only 1 ml. had E,., = 1-0, 1 density unit would be 
present), in comparison with controls studied simultaneously. 

In Fig. 1 and Fig. 2, P,, and P,, denote precancerous liver obtained by 23 and 38 days of 
dye feeding respectively (one experiment each), H denotes hepatomas (2 experiments, the 
individual values being shown by dots), and D denotes liver distant from tumours. Each 
experiment was performed with tissue samples derived from 2 rats. The standard errors, 
given to indicate the variability encountered in normal rats not given azo-dye, are based 
on the results of 6 control experiments (including experiments from other investigations 
in this Laboratory). 

The values for uridine mono- and triphosphates were obtained by re-chromatography of 
heterogenous peaks, the former of which also contained inosine monophosphate. The 
values for uridine diphosphate and its glucuronic acid derivative were obtained by 
re-chromatography of a peak which also contained adenosine triphosphate. 
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vary widely (as judged by the standard errors in Fig. 1), it appears that with 
hepatomas there were increases of the order of 50 per cent (although small in 
absolute magnitude) in uridine di- and tri-phosphates, with no change in uridine 
monophosphate. On the other hand, there were decreases in uridine diphosphate- 
glucose and uridine diphosphate-glucuronic acid. There appeared to be similar 
changes in liver distant from tumours, except that uridine diphosphate-glucuronic 
acid was increased rather than decreased. 
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Fie. 2.—Changes in levels (density units per g. of tissue) of acid-soluble nucleotides other than 
uridine nucleotides, in comparison with controls studied simultaneously. 


The values for adenosine triphosphate and inosine monophosphate were obtained by 
re-chromatography, as indicated in the caption to Fig. 1. 
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With 23 days of dye feeding there were striking increases (of the order of 100 
per cent) in the levels of uridine nucleotides other than the di- and tri-phosphates ; 
after 38 days of dye feeding no such increases were observed except with uridine 
monophosphate. 

Fig. 2 shows the results for adenosine nucleotides and for derivatives of these, 
namely triphosphopyridine nucleotide (not consistently separable from guanosine 
monophosphate), inosine monophosphate, and “‘ ADX”’, the latter including 
decomposition products of reduced triphosphopyridine nucleotide (Pressman and 
Lange, 1957). It is evident that hepatomas have decreased amounts of ‘““ ADX ”’, 
adenosine mono- and di-phosphates and inosine monophosphate, but not of 
adenosine triphosphate. The only abnormality found in liver distant from 
tumours was a high level of adenosine monophosphate. 
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With 23 days of dye feeding there were decreases in ‘‘ ADX ” and adenosine 
triphosphate, but an increase in adenosine monophosphate. With 38 days, 
decreases were found in adenosine mono- and diphosphates (as with hepatomas) 
as well as in adenosine triphosphate. 


DISCUSSION 


As the present experiments were being completed, there appeared the full 
report (Allard, de Lamirande and Cantero, 1957) of the experiments mentioned 
by Allard (1955). On re-calculating their results as activity per gramme of original 
tissue, to be comparable with those now presented, it appears that administration 
of 4-dimethylaminoazobenzene led to increases (more marked in tumours than in 
precancerous liver) in the activities of both ribonucleases in the supernatant frac- 
tion, whereas the activities of the mitochondrial and microsomal fractions de- 
creased. The only consistent changes now found were an increase in supernatant- 
fraction acid ribonuclease in precancerous liver, a decrease in microsomal-fraction 
alkaline ribonuclease in precancerous liver, and possibly a decrease in mitochon- 
drial-fraction acid ribonuclease in hepatomas. 

The absence of a consistent rise in supernatant-fraction alkaline ribonuclease 
in hepatomas apparently conflicts with the results of Allard et al. (1957), but may 
be a reflection of the high variability now encountered, reminiscent of that en- 
countered by these authors with transplanted as distinct from primary hepatomas. 
It should be noted that a high (although variable) proportion of the cytoplasmic 
alkaline-ribonuclease activity was now found in the supernatant fraction, whereas 
less than one-fifth was found by Allard e¢ al., perhaps because the effect of the 
endogenous inhibitor persisted in the assay. Differences in centrifugation tech- 
niques, as well as in other conditions, render comparisons difficult between the 
two laboratories, although with the acid enzyme there is in fact good agreement 
with regard to the distribution in the cytoplasm of control rats. In the actual 
assays as now performed, not only the inhibitor but also the acid enzyme was 
destroyed before assaying the alkaline enzyme ; moreover the contribution of the 
alkaline enzyme to the observed acid ribonuclease activity was probably less than 
in the assays of Allard et al., because of the lower pH now used (5-0‘as compared 
with 5-8). At least it can be concluded that the variability now encountered is not 
due to differences in food intake, which was kept the same for control rats as for 
experimental rats (all rats being fasted overnight before autopsy). 

Deckers-Passau, Maisin and de Duve (1957) performed careful studies on acid 
ribonuclease levels (per gramme of liver) in rats fed 4-dimethylaminoazobenzene. 
Both ‘total’ activity (in the whole cytoplasm) and more especially the ‘free’ 
activity (in the supernatant fraction) showed increases, especially at an early 
stage of dye-feeding and in the tumours. These changes are considered to reflect 
changes in the enzyme-containing particles (‘lysosomes ’). 

In other reports published since the distinction between the two ribonucleases 
was recognized (cf. Greenstein and Thompson, 1944; Cantero, Daoust and de 
Lamirande, 1950), supernatant fractions were not actually assayed; however, 
Schneider, Hogeboom, Shelton and Striebich (1953) found no change in the acid- 
ribonuclease activity of mitochondrial fractions but a rise in that of whole homo- 
genates, on feeding 3’-methy]-4-dimethylaminoazobenzene (as used in the present 
experiments) for 28 days; it is not clear if all “ bound ” activity was released 
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before assay. On administering 2-acetylaminofluorene, Roth (1957) found little 
change in acid-ribonuclease activity in mitochondrial fractions but a progressive 
decrease in alkaline-ribonuclease activity. 

The ‘present findings, in conjunction with those discussed above and with 
observations on transplanted hepatomas (Maver and Greco, 1956; Allard et al., 
1957), indicate that only two broad generalizations can be made concerning ribo- 
nucleases in hepatomas or precancerous liver—that the levels are not markedly 
decreased in the cytoplasm as a whole, and that the acid ribonuclease level in the 
supernatant fraction is increased with precancerous liver. Allard ef al. have 
speculated that “the liver tumor cell preserves the enzymes (e.g. ribonucleases) 
which are needed for its life and reproduction but can spare those related to a 
specialized function”. It appears likely that the role of ribonucleases is catabolic 
rather than anabolic (Nodes and Reid, 1957, unpublished) ; this function may be 
important, but as Reid and Stevens (1958) have pointed out it is uncertain whether 
ribonuclease levels actually limit the rate of RNA catabolism in the cell. 

The data now obtained for the levels of tissue ribonucleotides (nucleoside 5’- 
phosphates and their derivates) have been supplemented by labelling data which 
are given in the following paper (Reid, 1958). In the study of Daoust and Cantero 
(1955) there may have been post-mortem breakdown of labile nucleotides, and 
moreover the chromatographic methods were less satisfactory than those now 
available ; nevertheless the present findings accord with their conclusion (from 
analyses on normal liver, intestinal mucosa and liver tumours) that, “‘ qualita- 
tively, the free mucleotide composition among these tissues is much alike.” 
However, they found that the tumours lacked three uracil derivatives [possibly 
identifiable as uridine diphosphate-acetylglucosamine, -glucose and -glucuronic 
acid] and had two additional guanine derivatives. The present findings support 
this conclusion in only one respect—that uridine diphosphate-glucuronic acid is 
decreased in hepatomas. Other uridine derivatives were normal (e.g. the mono- 
phosphate) or increased (the di- and triphosphates). Adenosine compounds, 
notably the mono- and diphosphates, showed decreases rather than increases ; 
but there was no fall in adenosine triphosphate, a compound of particular interest 
in view of its key role as a source of high-energy phosphate. The present findings 
are broadly compatible with the conclusion of Saukkonen (1956) that tumours 
have an increased proportion of di- and trinucleotides relative to the correspond- 
ing mononucleotides and are deficient in “ADX ”. The decrease now found in 
“ ADX ” accords with the findings of Glock and McLean (1957) that liver tumours 
(and liver distant from these) were deficient in the reduced form of triphosphopy- 
ridine nucleotide ; they also reported a fall in the oxidized form, in disagreement 
with results now obtained. 

The changes found after only 23 days of dye feeding differed from those found 
in hepatomas; for example, uridine monophosphate was increased whereas 
adenosine triphosphate was decreased. The possibility that the early changes 
represent a first step towards the changes found in malignant cells is supported 
by the apparently transitional values obtained for 38 days of dye feeding ; but 
proof of this possibility must await further work. 

Interpretation of the diverse changes in levels of uridine nucleotides in rela- 
tion to their metabolic functions (cf. Leloir, 1956) will not be attempted here ; 
but it may be pointed out that the decreased level of uridine diphosphate-glucuronic 
acid in hepatomas might signify decreased glucuronide synthesis (cf. Levvy, 1956). 
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SUMMARY 


The levels of acid ribonuclease and alkaline ribonuclease have been determined 
in cell fractions obtained from hepatomas induced by 3’-methyl’4’-dimethyl- 
aminoazobenzene, and also in liver distant from the tumours and in “ precan- 
cerous ” liver obtained by short periods of dye feeding. Mitochondrial-fraction 
acid ribonuclease was low in most of the hepatomas studied. An increase in 
supernatant-fraction acid ribonuclease and a decrease in microsomal-fraction 
alkaline ribonuclease were found with ‘‘ precancerous ” liver. 

Analyses on whole tissue showed increases in uridine di- and tri- (but not 
mono-) phosphates in hepatomas, and decreases in uridine diphosphate-glucose 
and -glucuronic acid and in adenosine derivatives other than adenosine tri- 
phosphate. Different changes were observed in “ precancerous liver”; thus 
with 23 days of dye feeding there were increases in uridine nucleotides other than 
the di- and triphosphates. 
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Ir is well established that orotic acid is a physiological precursor of the uracil 
in ribonucleic acid (RNA), the injection of labelled orotic acid leading to the 
appearance of the label in uridine 5’-phosphate derivatives and subsequently in 
RNA (Hurlbert and Potter, 1954). A pilot study has now been made of the 
incorporation of injected [6—'4C] orotic acid into these ribonucleotides and into 
RNA, with hepatomas and with “ precancerous ”’ liver obtained by a short period 
of azo-dye feeding. Except in the study of ribonucleotides, the tissue samples 
were separated by differential centrifugation into four RNA-containing fractions 
—nuclear (containing some unbroken cells), mitochondrial, microsomal and super- 
natant—which were studied separately with respect to the labelling of RNA and 
also to the levels of RNA. The data for labelling of ribonucleotides are considered 
in conjunction with data for their levels which are given in the preceding paper 
(Reid and Lotz, 1958). 


EXPERIMENTAL 


Animals and administration of isotope-—As in the experiments of Reid and 
O’Neal (1956), the rats were albino males, and the experimental animals had been 
fed on a diet containing 3’-methyl-4-dimethyl-aminoazobenzene. The carcinogen 
was withdrawn at least 10 days before autopsy or, in the case of the “ precancer- 
ous ”’ liver obtained by short periods of dye feeding (23, 28 or 38 days), 2, 1 or 4 
days beforehand. For several days before autopsy, the rats were kept in individual 
cages on a constant food intake, no food being given on the last day. As in the 
preceding paper (Reid and Lotz, 1958), the rats were killed by decapitation and 
tissue samples were removed and frozen quickly for the study of ribonucleotides ; 
the samples from rats with hepatomas included not only tumour tissue, but also 
“ liver distant from tumours ”’. 

The [6—14C] orotic acid used in the study of precancerous liver, as in a previous 
study (Reid, O’Neal, Stevens and Burnop, 1956), was prepared in this Institute 
by Dr. V. C. E. Burnop and had a specific activity of 6-4 wco/mg. The [6—4C] 
orotic acid used in the study of hepatomas was obtained from the Radiochemical 
Centre, Amersham, and had a specific activity of 55 wc/mg. The orotic acid was 
injected intraperitoneally at pH 8; the dose was within the range 6-66 yc, high 
doses (below “ saturation level’ (Keller, Zamecnik and Loftfield, 1954)) being 
given to rats with hepatomas. 

The rats were killed 2-5 hours after the injection. This time interval was such 
that, from previous experience (Reid ef al., 1956 ; Reid and Stevens, 1957, 1958 ; 
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see also Hurlbert and Potter (1954), Hecht and Potter (1956), and Fig. 1 below), 
the injected label would be almost entirely present as nucleotide uracil (with only 
a trace in cytosine)—mainly in acid-soluble uridine nucleotides and in nuclear 
RNA, but with a measurable amount in cytoplasmic RNA. Under these condi- 
tions, much information can be gained without the use of different time intervals. 

Tissue fractions.—For the study of RNA, differential centrifugation was per- 
formed as described in the preceding paper (Reid and Lotz, 1958), to give nuclear, 
mitochondrial, microsomal and supernatant fractions. In a few experiments 
(Table I), supernatant fractions were further centrifuged to sediment an “ ultra- 
centrifugal fraction ”’ (Reid et al., 1956). The “ nuclear ”’ fraction, sedimented at 
600 g, contained some unbroken cells, but its radioactivity was substantially 
attributable to nuclear RNA, the labelling of which was high in relation to cyto- 
plasmic RNA at the time interval chosen. Each fraction was freed from acid- 
soluble constituents, defatted, dried, weighed, ground, and counted at infinite 
thickness as in previous experiments (Reid et al., 1956 ; Reid and Stevens, 1957). 

For the determination of the total radioactivity of the acid-soluble constituents, 
the supernatant fluid (“‘ acid-soluble fraction ’’) obtained on adding perchloric 
acid to the supernatant fraction and centrifuging was neutralized with KOH 
solution, centrifuged to remove KC10,, and plated at infinite thinness on duralumin 
planchets (Reid and Stevens, 1958). The content of RNA in defatted tissue frac- 
tions was determined by measuring the extinction of acidified alkaline digests 
(Reid et al., 1956). In a few experiments, “‘ polymerized ’” RNA (Lowe, 1955) was 
isolated from supernatant fractions according to Stevens and Reid (1956) before 
the removal of acid-soluble and lipid constituents. 

Acid-soluble nucleotides.—Solutions of the uridine nucleotides isolated as 


described in the preceding paper (Reid and Lotz, 1958) were plated on duralumin 
planchets, and counted at infinite thinness to furnish values for specific radio- 
activity. 


RESULTS 


Yield of defatted material.—In Table I, experimental rats have been compared 
with their controls with respect to the yield of solid (mainly protein) obtained 
from the tissue fractions after removal of acid-soluble and lipid constituents prior 
to counting. Hepatomas showed a marked decrease in microsomal solid ; with the 
mitochondrial and supernatant fraction the decreases were not significant. Pre- 
cancerous liver showed decreases in yield with the “ nuclear ”’ fraction (containing 
unbroken cells as well as nuclei) and with the mitochondrial fraction. 

Level of RN A.—Hepatomas showed a marked and consistent fall in microsomal 
RNA, although not in the “ultramicrosomal” RNA of the ultracentrifugal 
fraction (Table I). The RNA of the “ nuclear ” fraction showed an increase which 
was, however, insignificant. Precancerous liver showed decreased amounts of 
RNA in the nuclear, mitochondrial and microsomal fractions. Here it should be 
pointed out that contaminating RNA from other cell elements may be present 
not only in the nuclear fraction, as already mentioned, but also in the mitochon- 
drial fraction (Birbeck and Reid, 1956 ; Harel, Jacob and Moulé, 1957). It should 
also be noted that supernatant-fraction RNA (some of which could be sedimented 
in the ultracentrifuge) formed a high proportion of the cytoplasmic RNA because, 
as Reid and Stevens (1957, 1958) have discussed, it was considered advantageous 
to use a relatively low gravitational force in sedimenting the microsomal fraction. 
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A few analyses (not shown in Table I) on supernatant fractions for “ poly- 
merized ’” RNA, which under some circumstances may change disproportionately 
with “ total’ RNA (Lowe, 1955), gave no evidence of abnormal values in hepa- 
tomas or precancerous liver. 


TABLE I.—Content of Defatted Solid and of RNA in Tissue Fractions 


The values are calculated as mg./g. original tissue. The standard error 

is given after each mean difference ; the number of degrees of freedom, and 

the probability that the difference could be due to chance (if < 10 per cent), 
are given parenthetically. 


Prolonged azo-day feeding Brief azo-dye feeding 
= A... 





Cc 


Experimental rats : 
difference from 


—, 
Experimental 
rats (i.e. “* pre- 
Control cancerous ”’ liver) : 


corresponding controls 

—A~— rats, difference from 

corresponding 
controls 





. . am 
Liver distant mean 


Hepatoma from tumours value 


Yield of Defatted Solid 
** Nuclear ”’ ‘ ; a7 —20 (0) > 76 —20 
+15 (3) +37 
(3; P<2-5% 
43 —12 


Fraction 


Mitochondrial . ‘ —24 —6 (0) 
+10-1 (2) +24 
(3; P<2-5%) 

—2 (0) . 28 —1:5 
+7-2 (3) 


—8 
+ 14 (3) 


Microsomal 


Supernatant. ‘ ‘ 87 


Ultracentrifugal (from 
supernatant) 


Amount of RNA 

** Nuclear ” : ° 3-0 +2-0 +0-7 (1) ‘ ° —0-9 

+0-96 (3) +0-30 
(3; P< 10%) 

+0°3 , . —0-35 
+0-11 (3) +0-065 
(6; P<0-5%) 

—0-47 


Mitochondrial . ‘ 1-3 —0-1 
+0-20 (3) 


Microsomal ; ; 2-8 —1-4 —0-15 
+0-21 +0-18 (3) 
(6; P<0-1%) 
Supernatant. ; 3-2 0 +0-1 
+0-32 (6) +0-25 (3) 

Ultracentifugal (from 1-8 —0-15 ws 

supernatant) +0-11 (2) 
* The amount of RNA may have been governed by the period of dye feeding, the individual 
differences being: 23 days, —2-2 and —1-7; 28 days, —0-45, +0-4 and —0-4; 38 days, +0-3 
and +1-9. 


+0-19 
(6; P<5%) 
25 


40-51 (6)* 


Recovery of label in RNA after injection of [6-'4C] orotic acid.—Considerable 
variations in the extent of labelling of RNA may occur even with normal liver 
(Hurlbert and Potter, 1954). To minimize the effect of such variations, the re- 
coveries for each rat have been expressed relative to the recovery in the acid- 
soluble fraction (containing labelled precursors of RNA) from the same tissue 
sample. Some difference in behaviour (absorption rate ?) was encountered be- 
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tween two batches of orotic acid: the recoveries in RNA were higher with the 
batch used in the study of hepatomas than with that used in the studies on 
precancerous liver (as is evident from the values for control rats in Fig. 1). 

Fig. 1 shows that the labelling of RNA, relative to that of the acid-soluble 
fraction, tended to be high with hepatomas, notably in the nuclear fraction, the 
whole cytoplasmic fraction and the supernatant fraction derived therefrom. The 
converse was found with precancerous liver. 


Q 
~~ 


xe NUCLEI 
WHOLE 
= *CYTOPLASM 
SUPERNATANT 


WHOLE CYTOPLASM 
SUPERNATANT 
WHOLE CYTOPLASM 
SUPERNATANT 

. 


cay O 


LO 
Sees 
Wletetetetetet 





> 
a 
w 
> 
oO 
U 
w 
« 
ua 
= 
be 
< 
a 
w 
a 


MITO- 
CHONDRIA 


= 


MITOCHONDRIA 
¢™ MICROSOMES 
© MITOCHONDRIA 
MICROSOMES 


- 
v 








0! 
Fic. 1.—Recovery of radioactivity in tissue fractions [(a) nuclear, whole cytoplasmic, and 
supernatant fractions ; (b) mitochondrial and microsomal fractions] relative to recovery 
in acid-soluble fraction (from same amount of tissue), in rats given [6—™C] orotic acid. 
C = control rats studied simultaneously with the experimental rats; H = hepatoma ; 
D = liver distant from tumours; P,, and P,, = 23 and 38 days of dye feeding. The dots 
denote individual rats. 
In Fig. 1-3, direct comparison should not be made between experiments on precancerous 
liver and experiments on hepatomas, since different batches of orotic acid were used (see 
text). 
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Closer analysis of RNA labelling data.—The reference point in Fig. 1 being the 
acid-soluble fraction, in which much of the label was still present at the time of 
autopsy, changes in RNA labelling connote changes in actual rates of RNA syn- 
thesis from the acid-soluble precursor if, and only if, the amount of radioactivity 
in the whole acid-soluble fraction truly reflects the specific radioactivity of 
the actual precursor. Some data bearing on this question were obtained in a 
few experiments (as reported below) in which nucleotide analyses were performed 
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Fic. 2.—Amount of radioactivity (per g. tissue), per unit specific radioactivity of uridine 
diphosphate isolated from the same tissue samples (pooled tissue from 2 rats), in tissue 
fractions from precancerous liver, hepatomas or liver distant from tumours. For the 
hepatomas, the lower dot in each case corresponds to one experiment, and the higher dot to 
a second experiment. 


with pooled tissue samples from pairs of rats (the study of individual rats being 
impracticable). 

Taking as the reference substance uridine diphosphate, provisionally assumed 
to be the actual precursor of RNA (Grunberg-Manago, Oritz and Ochoa, 1955 ; 
Herbert, Hecht and Potter, 1957; see also Discussion), the changes in RNA 
labelling (Fig. 2) are somewhat different from those shown in Fig. 1, because 
experimental and control rats did not in fact show constancy in the ratio of the 
specific activity of this nucleotide to the labelling of the whole acid-soluble fraction. 
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This ratio was below the control value for one pair of hepatomas (and for pre- 
cancerous liver or liver distant from tumours) and above the control value for the 
other pair of hepatomas studied. It appears then, from the data for hepatomas 
(Fig. 2) that the conclusion suggested by Fig. 1 (a) that there is increased synthesis 
of nuclear- and supernatant-fraction RNA must be treated with reserve, at least 
as regards the nuclear fraction. It further appears that the conclusion suggested 
by Fig. 1 (a) for precancerous liver, that there is decreased synthesis of nuclear- 
and supernatant-fraction RNA, is incorrect. 

Data for mitochondrial fractions are omitted from Fig. 2 since, as already 
stated, their RNA is not entirely attributable to mitochondria. With microsomal 
fractions there is the difficulty that the RNA is probably formed not directly from 
the acid-soluble precursor, but from RNA in the nuclear or supernatant fraction 
(Jeener and Szafarz, 1950; Barnum, Huseby and Vermund, 1953; Reid and 
Stevens, 1957, 1958). The values for microsomal RNA in hepatomas (Fig. 2) 
should therefore be considered in relation to the specific activities of nuclear- and 
supernatant-fraction RNA. The values shown in Fig. 2 for the recovery of label 
in the latter fractions are a valid measure of specific activity, the amounts of RNA 
in these fractions being essentially normal in the experimental rats here studied ; 
since these values were increased (except that for nuclear RNA in one pair of 
hepatomas), it appears likely that there is decreased rather than increased syn- 
thesis of microsomal RNA. 

Labelling of acid-soluble nucleotides.—Not only uridine diphosphate, but also 
other uridine nucleotides in the acid-soluble fraction were analysed for amount 
(Reid and Lotz, 1958) and for specific radioactivity. To assist in the interpre- 
tation of the data, the values for precancerous liver (Fig. 3 (a)) are plotted relative 
to those for uridine diphosphate, since the amount of this nucleotide in pre- 
cancerous liver was essentially normal (Reid and Lotz, 1958). It is not possible 
to express the values in terms of those for orotic acid itself, which is very rapidly 
metabolized and is scarcely detectable in normal liver (Hurlbert and Potter, 1954). 
Since uridine nucleotides undergo various interconversions (Leloir, 1956), the 
results given below can be interpreted only tentatively. 

In contrast with uridine diphosphate, uridine monophosphate and uridine 
diphosphate-acetylglucosamine were shown in Fig. 1 of the preceding paper 
(Reid and Lotz, 1958) to be increased in amount in precancerous liver (23 days of 
dye feeding). That their rate of synthesis may indeed be increased is suggested 
by the further finding. shown in Fig. 3 (a), that their specific activities were high 
relative to uridine diphosphate. Fig. 3 (a), considered in conjunction with Fig. 1 
in the paper of Reid and Lotz (1958), further suggests that the rate of synthesis 
may be increased with uridine diphosphate-glucuronic acid, but somewhat 
decreased with uridine diphosphate-glucose. 

With hepatomas, uridine diphosphate-glucose was taken as the reference sub- 
stance, since its level was essentially normal whereas that of uridine diphosphate 
was increased (Reid and Lotz, 1958). Although the level of the latter nucleotide 
was increased by about 50 per cent, its specific radioactivity as expressed in Fig. 
3 (6) was decreased by about 50 per cent. It therefore appears unlikely that the 
increase in level is attributable to increased rate of synthesis. The same argument 
applied to uridine triphosphate, the level of which was likewise increased in 
hepatomas. The absence of a change in the level, in hepatomas, of uridine mono- 
phosphate or of uridine diphosphate-acetylglucosamine is in accord with the 
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apparently normal values obtained for specific radioactivity (Fig. 3 (b)). On the 
other hand, uridine diphosphate-glucuronic acid is decreased in amount, with no 
increase in its specific radioactivity ; here it appears that the rate of synthesis 
may in fact be decreased. 

The results for nucleotides in liver distant from tumours are also related to 
those for uridine diphosphate-glucose, since its level was normal this tissue, as in 
the hepatomas. As with hepatomas, it can be argued from Fig. 3 (b) that the 
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Fic. 3.—Specific radioactivities (on molar basis) of uridine nucleotides (a) from precancerous 
liver, relative to radioactivity of uridine diphosphate isolated simultaneously, and (6) from 
hepatomas (2 experiments, except for uridine diphosphate-glucuronic acid) or from liver 
distant from tumours, relative to radioactivity of uridine diphosphate-glucose isolated 
simultaneously. 


increase in the amount of uridine diphosphate (Reid and Lotz, 1958) is not attri- 
butable to an increase in rate of synthesis. The levels of other uridine nucleotides 
were essentially normal in liver distant from tumours, and the radioactivity values 
were also normal except for uridine triphosphate. 

Free uracil or uridine, such as might arise from the catabolism of uridine 
nucleotides, is not adsorbed on the resin used for chromatography of the acid- 
soluble fraction, and it is reasonable to suppose that any radioactivity in the non- 
adsorbed material is largely attributable to one or both of these compounds. 
Analyses on the non-adsorbed fraction (not given in Fig. 3) showed that with 
hepatomas, although not with liver distant from these, there was a three-fold 
increase in the amount of radioactivity, relative to that in uridine diphosphate- 
glucose. Interpretation of this finding must await further study. 
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DISCUSSION 


The apparent changes in yield of defatted material (Fig. 1), this material 
being mainly protein, are essentially in accord with published observations on the 
levels of protein in particulate and supernatant fractions during carcinogenesis 
(Price, Miller, Miller and Weber, 1950; Schneider, Hogeboom, Shelton and 
Striebich, 1953 ; Reid and O’Neal, 1956 ; Petermann, Mizen and Hamilton, 1956 ; 
Allard, de Lamirande and Cantero, 1957, cf. Grant and Rees, 1958). Direct 
comparisons with published work are, however, difficult because of differences in 
technique and especially in centrifugation conditions. 

The same difficulty applies in considering the values for RNA levels, which 
(for reasons already indicated) were relatively high in the “ nuclear” and super- 
natant fractions as now prepared. Changes in RNA levels during azo-dye carcino- 
genesis have been reported from a number of laboratories. Thus, Price et al. 
(1950) found decreased amounts of RNA in mitochondrial and microsomal frac- 
tions and somewhat increased amounts in nuclear and supernatant fractions, 
with rats fed 3’-methyl-4-dimethylaminoazobenzene for four weeks. Similar 
decreases in RNA were found with mitochondrial fractions by Schneider ef al. 
(1953) and by Cunningham, Griffin and Luck (1950), and with microsomal frac- 
tions by Fiala, Fiala and Sproul (1957) who also found a rise in supernatant- 
fraction RNA at a later stage of dye feeding. The fall in cytoplasmic basophilia 
observed in cytological studies (Opie, 1946; Spain, 1956) is in accordance with 
the reported initial fall in microsomal RNA. In the present study, however, pre- 
cancerous liver showed only small decreases in the RNA of mitochondrial and 
microsomal fractions, and there were no increases in the RNA of nuclear or super- 
natant fractions except perhaps, with the latter fraction, after 38 days of dye 
feeding. 

There are few reports on RNA levels in fractions from primary liver tumours. 
With hepatomas induced by 2-acetylaminofluorene, there may be an increase in 
nuclear RNA relative to cytoplasmic RNA (Rutman, Cantarow and Paschkis, 1954) 
but, in apparent disagreement with the present results, no marked decrease in 
microsomal RNA (Laird and Miller, 1953). Of greatest relevance to the present 
findings is the report by Peterman et al. (1956) on the ribonucleoprotein particles 
which form one constituent of microsomal fractions. These particles were not 
markedly diminished in amount (per gramme of tissue) in hepatomas, whereas a 
marked fall has now been observed with the RNA of the whole microsomal fraction 
as now prepared. There is evidence to suggest that microsomal fractions contain 
different types of RNA, possibly with different loci in the microsomal structure 
(Kuff and Hogeboom, 1956; Chauveau, Moulé and Rouiller, 1957; Reid and 
Stevens, 1958), and it is possible that the decrease found with hepatomas is 
confined to RNA other than that located in the ribonucleoprotein particles. 

There are many pitfalls in the interpretation of isotopic incorporation experi- 
ments in terms of changes in rate of synthesis. Determination of the labelling of 
RNA is not informative unless the precursor pool is also studied. With hepatomas, 
there is relatively poor absorption of injected precursors (Zamecnik, Loftfield, 
Stephenson and Steele, 1951); indeed in Zamecnik’s laboratory no detectable 
labelling was found in the acid-soluble fraction of RNA or hepatomas, in contrast 
with normal liver, when orotic acid was given at doses of the order of 2 wo (Scott, 
1957, personal communication). However, in the present experiments, with doses 
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of 22 yc or greater, the radioactivity of the acid-soluble fraction and of RNA was 
ample to allow of accurate counting (at least 5 times background). 

With the radioactivity of the whole acid-soluble fraction as the basis for assess- 
ing RNA radioactivity, it appeared that RNA synthesis in the nuclear and super- 
natant fractions was high in hepatomas, although low in “ precancerous ”’ liver 
(Fig. 3). Closer study in a few experiments, with the radioactivity of the supposed 
precursor (uridine diphosphate) as the basis of comparison, substantiated these 
tentative conclusions with hepatomas (at least for the supernatant fraction) but 
not with precancerous liver. Admittedly it is not certain that uridine diphosphate 
is the acid-soluble precursor of nuclear and supernatant RNA. If the precursor 
were uridine triphosphate (Edmond and Abrams, 1957 ; Reid and Stevens, 1958), 
the argument concerning hepatomas is not invalidated since, as was shown in 
Fig 3 (6), the specific activity of the triphosphate parallels that of the diphosphate. 

As is argued in the Results section, the rate of synthesis of microsomal RNA 
in hepatomas may be decreased, rather than increased as superficial inspection of 
Fig. 1 (6) and 2 might suggest. Such a decrease in synthesis would of course 
account for the fall in the amount of microsomal RNA; but further proof is 
needed. 

The experiments on which the above arguments and tentative conclusions rest 
should be regarded merely as orienting experiments on which further work can 
be based. One difficulty in interpreting the results is that there is evidence of 
heterogeneity in the RNA of the microsomal and supernatant fractions (Reid and 
Stevens, 1957, 1958) and also of the nuclear fraction (Logan and Davidson, 1957 ; 
Allfrey and Mirsky, 1957). The study of different RNA constituents in microsomal 
and supernatant fractions from precancerous and cancerous liver is now in progress. 

Hitherto there have been few studies of precancerous liver or primary 
hepatomas with respect to the incorporation of injected precursors into RNA, 
and no attempts to discuss changes in rate of RNA synthesis (Heidelberger, 1953). 
Griffin, Davis and Tifft (1952) studied the labelling of RNA in precancerous liver 
and hepatomas after injection of labelled adenine, and found that the amount of 
label in nuclear RNA was somewhat increased, relative to the amount in cyto- 
plasmic RNA, in the hepatomas. In these experiments, and in experiments with 
labelled phosphate (Ward and Griffin, 1955), there was no increase in nuclear 
RNA labelling with precancerous liver. In other experiments with phosphate 
(Brues, Tracy and Cohn, 1944; Albert and Johnson, 1954; Daoust and Cantero, 
1955 ; Grant and Rees, 1958), the conditions were such that no comparison can 
be made with the results now obtained. Jn vitro experiments on whole tissue, 
such as those of Canellakis (1957) who incubated transplanted hepatoma tissue 
with various RNA precursors (see also Weed, 1951, and Belousova, 1955), are 
likewise not readily comparable with the present experiments. Here it should be 
emphasized that orotic acid, as now used, is a particularly specific and “ physio- 
logical ” precursor (Hurlbert and Potter, 1954) ; uracil itself is poorly utilized by 
normal liver, although it is utilized to some extent by precancerous liver or 
hepatomas (Rutman, Cantarow and Paschkis, 1954). 

The data for the labelling of different uridine nucleotides in the acid-soluble 
fraction have been discussed above in relation to changes in the levels of these 
nucleotides. Daoust and Cantero (1955) studied the labelling of constituents of 
the acid-soluble fraction from liver tumours (mixed hepatoma and cholangioma), 
after injection of labelled phosphate ; but their results are difficult to compare 
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with those now reported, particularly since their chromatographic methods for 
separation of nucleotides were less satisfactory than those now available. 


SUMMARY 


The amounts of ribonucleic acid (RNA) and of fat-free tissue solid (essentially 
protein) were determined in tissue fractions from rats fed 3’-methyl-4-dimethy]l- 
aminoazobenzene so as to furnish hepatomas, liver distant from tumours, and 
(with brief dye-feeding) “ precancerous ”’ liver. Hepatomas showed a marked 
fall in microsomal RNA and solid, whereas precancerous liver showed decreases 
in the RNA andj] solids of the nuclear and mitochondrial fractions and also in 
microsomal RNA. 

With these tissues, a study was made of the labelling of RNA and of acid- 
soluble nucleotides after injection of labelled orotic acid. The labelling of RNA, 
in comparison with that of the whole acid-soluble fraction, was low for nuclear 
and supernatant fractions with precancerous liver and high with hepatomas. 
More detailed results obtained in a few experiments suggest (but do not prove) 
that with hepatomas the rate of synthesis of RNA from the supposed imme- 
diate precursor is increased in supernatant (and possibly nuclear) fractions but 
decreased in the microsomal fraction. Data for the labelling of various uridine 
nucleotides are discussed in relation to the changes in their levels reported in the 
preceding paper (Reid and Lotz, 1958). 
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EVIDENCE has been accumulating for some time which suggests that the 
surfaces of tumour cells may differ from those of homologous normal cells. For 
example, de Long, Coman and Zeidman (1950) have shown that tumour tissue 
is deficient in calcium and calcium has for long been considered to be of importance 
in the establishment of inter-cellular adhesions (Huxley and de Beer, 1934). 
Abercrombie and Ambrose (1955) found that the 837 and 90 sarcoma cells did not 
form permanent adhesions with each other or with normal fibroblasts, when 
moving in tissue culture. The advancing pseudopodia of normal fibroblasts, 
on the other hand, formed their permanent adhesions so that their movements 
were regulated by their neighbours. Observations of intact cells, suspended in 
an electric field (Ambrose, James and Lowick, 1956) indicate that, in the case of 
kidney and liver tumours, the cells carry a considerably higher negative electrical 
charge than the homologous normal cells. Abercrombie and Heaysman (1954) 
have also observed a lack of contact inhibition in moving sarcoma cells. 

Such changes in surface properties may possibly provide a new approach to 
the chemotherapy of cancer. 

The cancer cells show lack of adhesiveness and carry a high negative electrical 
charge. Such properties are also shown by blood cells and it is therefore important, 
in choosing a chemotherapeutic agent, to select one which does not react strongly 
with cells of the reticulo-endothelial system. In the present series of experiments, 
the effects of various reagents which may be expected to combine with the cell 
surface are examined in the case of Walker tumour cells, erythrocytes and spleen 
cells. 

In order to produce a reaction with the high negative charge on the surface 
of tumour cells, molecules carrying positive charges should be effective. The 
tumour appears to have lost the ability to be affected by calcium ions but molecules 
carrying a higher charge may still be effective. A number of long chain molecules, 
carrying positive charges along their length (polyelectrolytes) have therefore 
been studied in the following experiments. 


EXPERIMENTAL METHODS 
(a) Microscopic observation 
For preliminary observations, a drop of cell suspension consisting of Ehrlich 
ascites tumour cells in their own fluid medium was mixed on a slide with a drop 
of a solution of polyelectrolyte in saline. A coverslip was placed on top and the 
preparation sealed with a wax/vaseline mixture. The appearance of the cells, as 
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observed under the interference microscope, was compared with that of untreated 
cells in their own medium, diluted with an equal volume of saline and similarly 
mounted. 

In a typical experiment, a suspension of 5-day Ehrlich ascites cells was mixed 
with a 0-005 per cent solution of polyethylene imine in physiological saline. On 
examination of the cells microscopically 90 seconds after mixing, they were found 
to be almost completely agglutinated into clumps of varying size. Some aggregates 
contained up to 50 cells. In the preparation of untreated cells, groups of from two 
to four cells in contact were observed, but no group of larger size could be seen. 
Blood was also present in this particular sample and it was possible to make a 
simultaneous observation of the effect of polyethylene imine on the red blood 
cells. These cells did not clump or form rouleaux even up to 3 hours after mounting 
and showed a normal appearance. Round each clump of agglutinated tumour 
cells a small quantity of diffuse precipitate could be seen. This was probably due 
to precipitation of proteins from the ascitic fluid medium because small amounts 
of similar precipitate could be seen when polyethylene imine was added to cell 
free ascitic fluid. 

A similar agglutinating effect was observed with a second positively charged 
polyelectrolyte, polyvinyl pyridinium bromide. Microscopic examination showed 
that this reagent also caused immediate clumping of Ehrlich ascites cells. An 
experiment was also carried out using polyglutamic acid, as a typical negatively 
charged polyelectrolyte. An equal volume of 0-05 per cent polyglutamic acid 
(present as the sodium salt) was added to a suspension of ascitic cells. No agglutina- 
tion was observed, in contrast with the behaviour of polyethylene imine; the 
red blood cells were also unaffected. 


(b) Systematic agglutination tests 

In order to make a true comparison of the agglutinating power of various 
compounds for different cell types, it was decided to examine the effect of adding 
the reagent at various concentrations to a free suspension of cells in Dreyer 
tubes. An equal volume of the reagent, in saline at pH 7, was added to the cell 
suspension. The solutions were mixed by inversion and the degree of precipitation 
at given time intervals was recorded. A range of tubes covering serial dilutions 
was set up for the two types of cell to be examined simultaneously. Initially, 
the tests were carried out at 36° C. but it was found that the relative rates of 
precipitation of the cells were not markedly dependent upon temperature. As 
the cells were more stable at room temperature in balanced salt, the later observa- 
tions were made at room temperature. 

The tendency for cells to agglutinate in suspension will be dependent upon 
the surface area of the cell type concerned. The surface area is proportional to 
the square of the cell diameter. Cell counts in the suspensions were therefore 
adjusted in an arbitrary fashion in these ratios : red blood cells 10, spleen cells 3, 
tumour cells 1. The viscosity of the medium will also affect the rate of settling. 
For this reason the suspending medium must be the same for all cell types. In 
the first set of experiments the cells were suspended in saline or in calcium free 
Locke’s solution. This enabled a large range of concentrations of the agglutinating 
compounds to be tested without danger of causing precipitation of material from 
the medium itself. At the same time, tests were made on the amount of precipita- 
tion produced in serum over the same range of concentrations. This enabled the 
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compounds to be tested later on cells suspended in serum, in the concentration 
range which did not cause precipitation of serum proteins. The use of serum 
enabled the cells to be examined under conditions approaching more nearly to 
those obtaining in vivo. The viability of the cells in the salt media and in serum 
was tested at various times by examination in the interference microscope and 
by the Lissamine green test (Goldacre, R. J., private communication). Healthy 
cells can be readily recognised in the interference microscope from the high 
density (concentration) of their cytoplasm; the very early stages of lysis can 
also be easily recognised. The appearance of the outer membrane is also charac- 
teristic in healthy cells and can be observed in the interference microscope without 
the halo seen in the phase contrast microscope. In the Lissamine green test the 
dye is found to penetrate and stain the cells after death but does not penetrate 
healthy cells. In a freshly prepared suspension about 80 per cent of the cells 
were found to be viable and there appeared to be little difference between the 
viability of normal and of tumour cells. Cells which were kept at room temperature 
remained viable longer than those incubated at 36°-38°. Even after 24 hours a 
number of cells remained viable and after reheating to 38° C. were seen to be moving. 
In the experiments using saline, the final state of the suspension, after standing 
overnight, was recorded. But in the experiments with serum, observations were 
also made at successive short intervals of time because marked differences in 
the rates of precipitation of the various cell types were observed. 


(c) Methods of preparing cell suspensions 

As has been indicated, the malignant cell shows a degree of autonomy in as 
much as it has not been seen to establish permanent contacts under ciné micro- 
graphic examination and also carries a high negative charge. A degree of mechani- 
cal agitation might therefore be expected to separate malignant cells from the 
tumour stroma. The ascitic form of tumour may in fact represent an extreme 
case of the selection of more autonomous clones of increasing malignancy and 
desreasing adhesiveness. For the preparation of suspensions by agitation, small 
portions of the tumour are dissected out under asceptic conditions and are agitated 
by a sterile glass rod in the presence of the suspending fluid, which may be sterile 
saline or homologous serum. The agitation is carried out in a small screw-capped 
bottle. The suspension is then filtered through one thickness of sterile lint, mounted in 
a Seitz filter in lieu of a filter pad. The cell suspensions are then examined micro- 
scopically in order to ascertain viability and are counted in a haemocytometer 
slide. Blood suspensions for comparative purposes may be prepared by agitating 
freshly drawn blood with sterile glass beads in a screw-capped bottle, separating 
the fibrin, spinning down the red blood cells and resuspending in the ambient 
medium required. 

Suspensions of other tissues may be obtained by a citrate perfusion technique 
(Anderson, 1953), using citrated Locke’s solution injected into the aorta with 
severance of the appropriate afferent vessels. The perfused tissues, particularly 
liver, are very friable and readily suspend under the treatments indicated above. 
When this technique is used, the tumour tissue is also perfused in order that 
both cell types should receive comparable treatment. Finally, the suspension 
concentration is adjusted to the appropriate relative value (see above) and is 
ready for the experimental procedure. (For very short term experiments asepsis 
is not necessary.) 
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EXPERIMENTAL RESULTS 
The results obtained with various polyelectrolytes on red blood cells, Walker 

tumour cells and serum obtained from the same animals are shown in Fig. 1, 
2 and 3. The successive stages of precipitation as seen in the Dreyer tubes were 
recorded as follows : 

Cloudiness . , ’ . + 

Cloudiness and precipitation 

on walls of tube ‘ . ++ 
Precipitation : ; ~ +++ 
Dense precipitation , ~ +4+4++4+ 


(a) Summary of experiments using saline 


It can be seen from the results shown in Fig. 1, 2 and 3, that the compounds 
studied showed differences in their agglutinating power for tumour cells as com- 
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Fic. 1.—Graphs showing degree of agglutination of cells by various positively charged ions. 
Cells suspended in calcium-free Locke’s solution. Agglutination measured according to 
arbitrary scale. + turbidity ; + -+ deposition on walls of tube ; +++ settled precipitate ; 
+-+-+-+ dense precipitate. 


pared with red blood cells, but no compound was found to show a preferential 
effect on tumours: In view of the encouraging results obtained in the earlier 
microscopic studies, the observations were extended to studies of cells suspended 
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in homologous serum. The observations were also extended to include spleen 
cells. The results obtained are shown in Fig. 4. 
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Fic. 3.—Agglutinations of cells by positively charged polymers. Cells suspended in calcium-free 
Locke’s solution. Degree of agglutination to same scale as in Fig. 1. 


(b) Summary of experiments using serum 

An examination of the curves shown in Fig. 4 indicates that the polyelectrolyte 
polyethylene imine shows a preferential adsorption on the tumour cells. In the 
concentration range 0-0015—0-0063 per cent agglutination of tumour cells occurs 
without any detectable effect on red blood cells or spleen cells. This effect is 
most marked if observations are made after a short interval of time. 
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(c) The effect of heparin 


In view of the well known effect of heparin as an inhibitor of blood coagulation, 
this polymer was tested as an example of a negatively charged polyelectrolyte. 
No visible change occurred in cell suspensions in calcium free Locke’s solution at 
final concentrations of heparin of 0-0015 per cent up to 0-5 per cent. But in the 
case of spleen cells the treated cells did in fact remain in suspension for a longer 
time than the controls, e.g. at 0-25 per cent heparin, after overnight standing 
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Fic. 4.—Agglutination of cells by positively charged ions. Cells suspended in rat serum. Degree 
of agglutination to same scale as in Fig. 1. 








the cells had only settled half-way down the agglutination tube, whereas in the 
control they had settled to the bottom of the tube in the normal way; at 0-12 
and 0-06 per cent the suspension was one-third of the way up the tube and at 
0-03 per cent, one-quarter of the way up the tube. No effects were observed 
below a concentration of 0-03 per cent. Microscopic examination of the sample 
treated with 0-25 per cent heparin indicated that the small number of cell clumps 
observed in the control appeared to have been dispersed by heparin. Ten per cent 
of the cells were still viable in control and treated samples after standing overnight 
in this particular test. 
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(d) Studies in vivo 

In vivo tests were carried out on mice bearing Ehrlich and Landschiitz ascites 
tumours. Encouraging results were obtained but much work would be required 
to establish the best methods of administration. Polyethylene imine was the 
compound of choice in view of its preferential action on tumour cells. 

In a typical experiment, a small tapping of ascitic fluid was taken from a 
4-day implant of an Ehrlich ascites tumour. The fluid was examined under the 
interference microscope. Many active ascites cells could be seen. Occasional 
clumps of 3-4 cells were observed but no large aggregates could be detected. 
Very few blood cells were present. One hour later, 0-1 c.c. of a 0-5 per cent solution 
of polyethylene imine in saline was injected intraperitoneally. One hour later a 
second tapping was taken. Microscopic examination showed that the fluid was 
completely free of tumour cells but contained a number of unagglutinated blood 
celis. The few cells which remained appeared to be healthy. A lump of solid 
material was present in the tapping which was found to consizt of a solid mass 
of agglutinated tumour cells. In another experiment a group of ten mice which 
had 1-day Ehrlich ascites implants were treated. Five were injected with solutions 
of polyethylene imine in saline over a period of six days. The control mice were 
given similar injections of saline. At the end of eight days, the mice were killed, 
all the ascitic fluid was withdrawn from each mouse and the volume measured. 
Each sample was then centrifuged under identical conditions and the cell volume 
measured. The results are shown in Table I. 
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The mean cell volume has been reduced to almost one-third by the treatment 
with polyethylene imine. 


DISCUSSION 


The results described in the experimental section indicate that free cells in 
suspension are rapidly agglutinated in the presence of positively charged poly- 
electrolytes. Most of the positively charged polymers examined are effective at 
very low concentrations. The negatively charged polymer heparin does not 
produce agglutination nor does the unionised polymer, polysarcosine. This is to 
be expected in view of the higher negative charge carried by the tumour cells 
and by mammalian cells in general (Abramson, Moyer and Gorin, 1942). Neve, 
de Vries and Katchalsky (1955) have described the agglutination of red blood 
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cells by polylysine and other positively charged polymers. The extraordinarily 
low concentration at which some of the polymers are effective (1 part in 7,000,000 
in the case of polyvinyl pyridinium bromide) suggests strongly that a surface 
adsorption is involved. In this particular experiment, the concentration of 
polyvinyl pyridinium bromide was only sufficient to cover 1 per cent of the cell 
surface. 

The increased adhesiveness of the tumour cells in the presence of polyelectro- 
lytes (P) may be expected, because they have a greater probability of forming 
linkages between cells (7') than do the bivalent calcium ions 


In most instances, the degree of agglutination reaches a maximum value 
(Fig. 1, 2 and 3) and dispersion occurs again at higher concentrations. Such an 
effect is also observed with simple colloidal systems and appears to be due to 
the formation of particles which are completely coated with polyelectrolytes. 
The coated particles are then soluble in a solution of similar molecules. 

From the therapeutic point of view, the results indicate that some measure 
of tissue specificity resides in the cell surface. The increased charge on tumour 
cells is evidently not due to the appearance of a surface similar to a red blood 
cell. There are considerable differences in the relative affinities of the various 
polyelectrolytes for the various cell types. Although most polymers are more 
strongly absorbed by blood cells, one polyelectrolyte (polyethylene imine) shows 
some specificity towards the tumour in the presence of serum. Electrophoresis 
measurements of whole cells (Ambrose, James and Lowick, unpublished) indicate 
that this polymer at a concentration of 2 pts. in 10,000,000 reduces the mobility 
of kidney tumour cells without affecting normal kidney cells or red blood cells. 
At higher concentrations the polymer is also absorbed on the normal cells. 

The degree of specificity so far observed is surprising in view of the simplicity 
of the chemical structures examined and suggests that a suitable charge distribu- 
tion, ratio of hydrophilic to hydrophobic groups and spacial configuration of the 
polymer may lead eventually to the discovery of a compound with selective 
affinity for the tumour over a wide range of concentrations. 


SUMMARY 


Previous evidence has indicated that the surface of cancer cells differs from 
that of normal cells and that these cells carry a higher negative electrical charge 
than those from which they are derived. Studies have therefore been made of 
the adsorption of positively charged polymers by these cells, as a possible method 
of reducing the surface charge. One polymer (polyethylene imine) has been 
found to show some specificity towards tumour cells. 
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In recent years it was recognized that glucose may be dissimilated in mam- 
malian tissues by a route which is distinct from the classical glycolytic (Embden- 
Meyerhof) pathway, namely the hexosemonophosphate oxidative pathway (HMP 
shunt). The latter reaction sequence has been studied with several techniques, 
including the use of tracers in attempts to assess its quantitative significance 
(compare Wood, 1955). 

The HMP shunt has also been shown to be operative in many neoplastic tissues 
of widely different origin (Agranoff, Brady and Colodzin, 1954 ; Emmelot, Bosch 
and van Vals, 1955; van Vals, Bosch and Emmelot, 1956; Bosch, van Vals and 
Emmelot, 1956; van Vals and Emmelot, 1957; Abraham, Hill and Chaikoff, 
1955 ; Abraham, Cady and Chaikof, 1956; Wenner and Weinhouse, 1956; Kit, 
1956 ; Kit and Graham, 1956; Villavicencio and Barron, 1957). In solid and 
ascites tumours the relative occurrence of the E-M pathway and HMP shunt has 
been evaluated quantitatively by measuring the differential incorporation of the 
carbon atoms | and 6 from specifically-labelled glucose into lactate or fatty acids 
(Wenner and Weinhouse, 1956; Abraham et al., 1956). 

In the present investigation, which was started well before the latter studies 
appeared in print, a similar approach was made. After a number of preliminary 
experiments (Emmelot et al., 1955) in which lactate and carbon dioxide were 
isolated, we felt it necessary to check the general validity of the method by col- 
lecting information about the labelling of other cellular compounds. To this end 
a study was made of the incorporation of C™ from glucose-]-C"* and glucose-6-C™ 
(G-1-C™ and G-6-C™, respectively) into the carbon dioxide, lactate, long-chain 
fatty acids, cholesterol, proteins and some protein-bound amino acids of tumour 
slices and ascites cells. The results of these experiments are reported below. 


MATERIAL AND METHODS 


Unless stated otherwise transplanted mouse tumours were used in the present 
experiments. The ascites tumour (mammary carcinoma S83A obtained from Dr. G. 
Klein, Stockholm) was maintained in F1(BxC,H) mice. Liver tumours were in- 
duced in rats of the inbred strain R-Amsterdam by feeding p-dimethylaminoazo- 
benzene ; a primary tumour of the mixed hepato-cholangiocellular type was used 
in experiment No. 13, a transplanted (third passage) tumour of the hepato- 
cellular type in experiment No. 14 and a primary tumour of the hepatocellular 
type in experiment No. 20. 

The incubation procedure and the isolation of the respiratory carbon dioxide, 
proteins, long-chain fatty acids, cholesterol and lactate, including the chemical 
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degradation of lactate, has been described previously (Emmelot and Bosch, 1955 ; 
van Vals and Emmelot, 1957). 

50-100 mg. protein was hydrolyzed with 6-10 ml. 6-NHCl at 100°C. for 
22 hours. Glutamate and aspartate were isolated over Amberlite-IR4B and a 
fraction containing glycine plus alanine over Zeo-Karb 225 (Moore and Stein, 
1951 ; Arnstein and Neuberger, 1953 ; Arnstein and Stankovic, 1956). An Amber- 
lite IR-120 (H+) column was used to free the latter fraction from BRY 35 and 
anions (Partridge, 1949 & Partridge and Westall, 1949). Glycine and alanine 
were separated by paper chromatography on Whatman 3 MM paper (Arnstein 
and Stankovic, 1956). The purity of the four amino acids was checked by paper 
chromatography on Whatman No. 1 paper. 

Amino acids and lactate were combusted to carbon dioxide and measured as 
BaCO, at “ infinite’ thickness. Proteins, fatty acids and cholesterol digitonide 
were plated directly and their radioactivity was measured at “ infinite ’’ thickness, 
and, if necessary, correction being made for self-absorption. The radioactivity of 
a 1-1 cm.? area was measured under a Geiger-Miilier end-window counter under 
our standard conditions. The c./m. at “ infinite ” thickness are listed as specific 
activity. 

NaHCO, was synthesized from BaCO,. G-1-C'*, G-6-C™ and G-u-C™ were 
purchased from the Radiochemical Centre (Amersham). G-6-C"* was also obtained 
from the United States Atomic Energy Commission. The labelled glucoses were 
diluted with inactive glucose to give the desired isotope concentration. 


RESULTS AND DISCUSSION 


The Contribution of the HMP Shunt and the Embden-Meyerhof Pathway to 
Lactate Formation from Glucose 


If G-1-C™ or G-6-C™ is converted to lactate exclusively via the E-M pathway, 
in which the hexose molecule is cleaved symmetrically, pyruvate-3-C™ is produced 
and no radioactivity is lost. On the other hand, if a molecule of glucose enters the 
HMP shunt, carbon atom 1 is lost early as CO, and the carbon atoms 2 and 3 as 
“diose”’. The resulting triose, corresponding the C-4, 5, and 6 of the original 
glucose, is considered to be in equilibrium with the triose derived via the E-M 
pathway. Thus, if G-1-C™ serves as substrate, the HMP shunt contributes the 
unlabelled half of the glucose molecule to the lactate pool, whereas the labelled 
part of the glucose enters the lactate pool in the case of G-6-C™. The specific 
activities of the lactates derived from the two labelled glucoses may then serve 
for the calculation of the relative contribution of the HMP shunt and E-M path- 
way to the conversion of glucose to lactate. This procedure, in which the dilution 
of the C'* by endogenous substrates is not measured directly, has been followed in 
the present paper. 

The dilution of the lactate pool by unlabelled lactic acid derived from endo- 
genous substrates can be calculated by measuring the specific activity of the 
lactate isolated after incubation with G-u-C™. The specific activity of the lactate 
derived from either G-1-C"* or G-6-C™ can then be corrected and used for calcu- 
lating the relative occurrence of the two pathways. The latter procedure has been 
introduced by Blumenthal, Lewis and Weinhouse (1954). In our earlier experiments 
(Emmelot, Bosch and van Vals, 1955) we had sought to account for the dilution 
factor by measuring chemically the amount of lactate formed during incubation. 


32 





450 G. H. VAN VALS, R. P. VAN HOEVEN, L. BOSCH AND P. EMMELOT 


This method does not account for the continuous production and removal of lac- 
tate. Moreover, there was some evidence for believing that the presence of glucose 
sometimes stimulated lactate formation from endogenous substrate (compare 
Avineri-Shapiro and Shapiro, 1956). Consequently, the correction made pre- 
viously (Emmelot et al., 1955) for endogenous lactate has been too small and the 
contribution of the HMP shunt, calculated on the basis of the corrected specific 
activity of the lactate derived from G-1-C", has been too high. 

In the present experiments with G-1-C™ and G-6-C" the results are expressed 
as follows. Suppose that 100 molecules glucose containing a total C'-content of 
A c./m. are converted to lactate ; x molecules glucose pass the E-M pathway and 
100-x molecules the HMP shunt. In the case of G-1-C™ the latter fraction will not 
contribute to the labelling of the lactate pool for the reasons outlined above. The 
tracer reaches the lactate pool only via the E-M pathway and the total C!*-content 
of the lactate will thus amount to xA/100 c./m. When G-6-C™ is the substrate 
it is assumed that no activity is lost and the total C'*-content of the lactate pool 
will amount to A c./m. Since, 


the specific activity of the lactate from G-6-C™ 
the specific activity of the lactate from G-1-C™* 





__ total C'*-content of the lactate from G-6-C™ 
~ total C™ content of the lactate from G-1-C™ 





the ratio of the specific activities will amount to 


A 
spe = - ee ee 
x can be calculated with the data of Table I and denotes the percentage contri- 
bution of the E-M pathway to the conversion of glucose to lactate. The latter 
amounted to 68-100 per cent for the various tumours listed in Table I. 

As might be expected from this type of experiment, rather wide variations 
were encountered. In this respect and also in the quantitative results obtained 
our data are not unlike those of other investigators (compare, for instance, 
Abraham, Cady and Chaikoff, 1956). 

In a number of experiments (No. 5, 7, and 9 of Table I) no contribution of the 
HMP shunt to lactate formation was observed. Although carbon atom 1 was 
oxidized in preference to carbon atom 6 of glucose (compare Table I in van Vals, 
Bosch and Emmelot, 1956) in these and all other experiments, the specific acti- 
vities of the lactates derived from G-6-C™ were smaller than those from G-1-C", 
and thus opposite to what must be expected on the basis of the assumption made 
above. The specific activity of the glucose (5-5 x 10° c./m. as BaCO, at “ infinite ” 
thickness) used in the experiments of Table I was too low to permit the accurate 
measurement of the C*-content of metabolic products other than lactate and 
carbon dioxide. 

The next six experiments (No. 10-16) were carried out with highly-labelled 
G-1-C“% and G-6-C (1-6 x 10° c./m. as BaCO, at “infinite”’ thickness) for 
90 minutes. 

The lactates were isolated in four of the latter experiments and after chemical 
degradation the isotope content of the carboxyl carbons and the remaining 2- 
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TaBLE I.—Relative Contribution of the Embden-Meyerhof Pathway and Hexose- 
monophosphate Shunt to the Conversion of Glucose - Lactic Acid in Tumour 
Slices 


1 g. of slices incubated with 3 mg. radioglucose (5-5 x 10° c/m as BaCO, at 

“ infinite” thickness) for 60 minutes at 37° C. in 5 ml. Krebs-Ringer 

phosphate buffer. Lactate isolated over a Silica-gel column and converted 
to BaCO,. Specific activity as c/m at “ infinite ” thickness. 


Glucose ——> Lactate 
via 
Specific activity of lactat c A sant 
derived from G-n-C* Embden- 
n Meyerhoff HMPt 
———_—_ pathway* shunt 
Tumour number 6 1 (%) 
T 26567—-sarcomatoid ovarian 3454 2340 , 32 
tumour 2851 2337 . 17 
T 49985—mammary carcinoma 3190 , 30 
T 86157—lympho-sarcoma_ . 1750 , 23 
. 0 
2486 , 22 
‘ 0 
10 





& 
x 


T 5441—-granulosa cell tumour 


ovary 
T 1014—mammary adeno-car- 
cinoma (rat) 
UV 256—sarcoma . 
* x of formula (1). + 100—x. 


0 


CSC BIBS etu 


carbon skeletons were measured. From these data the specific activities of the 
lactate formed from G-1-C™ and G-6-C™ by the mammary carcinoma T 49985, 
the lymphosarcoma T 86157 and the sarcomatoid ovarian tumour T 24202 were 
calculated as indicated in Table II, which illustrates the experiment with the 
lymphosarcoma. Only in the latter case a slightly higher C'* content was found in 
the lactate derived from G-6-C™ as compared with that derived from G-1-C" ; 
in the two remaining ceed rather the opposite phenomenon was observed 
(compare Table ITT). 


TaBLE Il.—Distribution of C™ over C, and C, + C; of Lactate Produced from 
G-1-C™ and G-6-C™ by Slices of the Lymphosarcoma T 86157 


Incubation during 90 minutes with 3 mg. radioglucose (7 we. ; 1-6 x 105 
c/m as BaCO, at “ infinite ” thickness) in 5 ml. Krebs-Ringer phosphate 
buffer. Lactate isolated and oxidized by cerisulfate; CO, trapped as 
Na,CO, and acetaldehyde as the dimedone derivative ; ; radioactivity 
measured after conversion to BaCO,. Data expressed as c/m at “ infinite ” 
thickness (Experiment No. 11). 
Substrate C, C, + C,* Lactate 
G-6-C4 A418 ' 122,148 ‘ 81,905f 


; 1 
G-1-C™ : 4,944 ; 113,157 ; 77,086t 
G-u-C™ _ ; = ; 80,289 


* Corrected by multiplying with the factor 9 to account for the dilution introduced by the carbon 
of dimedone. 

t Calculated as 5 (Cy + C3) + 5 Cr 

} Lactate assayed as BaCQ,. 
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However, it was found in all these experiments (Table II and Table IIT) that 
the carboxyl carbons of the lactates isolated after incubation with G-1-C™ con- 
tained a higher amount of C'* than the carboxyl carbons of the lactates derived 
from G-6-C'. This difference in the isotope concentration of the carboxyl groups 
of the two lactates of each experiment cannot easily be explained by any of the 
known reactions of glycolysis and the citric acid cycle. A carboxylation of ribulose 
diphosphate produced by the HMP shunt reactions, and the subsequent formation 
of two molecules of phosphoglyceric acid by the carboxydismutase reaction 
(Weissbach, Horecker and Hurwitz, 1956; Jakoby, Brumond and Ochoa, 1956; 
Barron, Villavicencio and King, 1955) might account for the observed difference 
in labelling since C4O, with a higher specific activity is released from G-1-C™ than 
from G-6-C™ during the incubation. However, inspection of the data in Table IIT 


TaB_eE III.—Ratio of Specific Activities of Lactate, Carboxyl Group of Lactaie and 
Respiratory Carbon Dioxide Derived from G-6-C™ to the Specific Activities 
of the Corresponding Compounds Derived from G-1-C™ 

S.A. = Specific Activity. 


Experiment 8.A.lactatefrom G-6-C** §.A. C,-lactate from G-6-C"* §.A. CO, from G-6-C™ 


number Tumour S.A. lactate from G-1-C"* S.A. C,-lactate from G-1-C™ §.A. CO, from G-1-C™ 
10 ; T 49985 . 0-85 . 0-35 0-32 
ll ‘ T 86157 ‘ 1-06 : 0-28 , 0-38 
13 4 : 0-63 ; 0-16 





15 ‘ T 24202 ° —_ . 0-17 . 0-34 


shows that the correspondence: between the ratios of the C™ in the respiratory 
carbon dioxide derived from G-6-C" to that from G-1-C", and those of the C"* in 
the carboxyl groups of the lactates was not very close. Therefore, the following 
two experiments were carried out with the sarcomatoid ovarian tumour T 26567 
and the lymphosarcoma T 86157. 1 g. slices of each of these tumours were incu- 
bated with 30 ~c NaHC™0, in the presence of unlabelled glucose for 60 minutes 
at 37° C, both under aerobic and anaerobic conditions. The resulting lactate was 
isolated and degraded as usual. It was concluded from the very low C™ contents 
found in the latter experiments (Table IV) that the alleged CO, fixation could 
not have played any significant role in the earlier experiments. 


TaBLE IV.—Jncorporation of NaHCO, into the C, and C, + C; of Lactate by the 
Sarcomatoid Ovarian Tumour T 26567 
Incubation of 1 g. slices with 440 yg. NaHCO, (30 ye.) and 3 mg. 
unlabelled glucose in 5 ml. Krebs-Ringer phosphate buffer for 60 minutes 
37° C. in 100 per cent oxygen or nitrogen. Compare Table II for 
expression of results. 
Condition C, C, +0, 
Aerobic . . 53 0 
Anaerobic . ; 56 ‘ 0 


Incorporation of C™ from Glucose-1- and -6-C™ into Proteins, 
Fatty Acids and Cholesterol 
Although the ratio of the C'* contents of the two lactates derived from G-6-C™ 
and G-1-C" in each of the three experiments No. 10, 11 and 13 appeared to be 
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approximately equal to unity, it was found that the proteins isolated from the 
same tumour slices after incubation with G-6-C™ showed a higher specific activity 
than after incubation with G-1-C™ (Table V). The same was found true for the 
proteins isolated in two other experiments (No. 12 and 14). 


TaBLE V.—Ratio of the Specific Activities of the Proteins and of Some Amino Acids 
Isolated from Tumour Slices after Incubation with Glucose-6-C™ to the 
Specific Activities of the Corresponding Compounds Labelled by the C™ from 
Glucose-1-C™ 

The actual c/m of “ infinitely ” thick layers of the proteins on 1-1 cm* area 
are listed between parentheses. 


Experiment 
number Tumour Proteins GLU ASP ALA 
T 49985 1 

T 86157 1 

T 86157 1 

Rat hepatoma. l 
: 2 

1 


73 (1486/8362) - ; ~_ 
34 (1334, 997) . ; 
81 (994/549) 

52 (610/401) 

-49 (1023 /410) 

08 (907/835) 


bo ee DO 
Cac a-ite 


” TP 24902 


A number of amino acids were isolated from the hydrolysates of the labelled 
proteins and assayed for radioactivity. It is seen from Table V that the difference 
in C content of the two protein fractions of each experiment is reflected in that 
of the amino acids glutamate, aspartate and alanine. Glycine* and the essential 
amino acid valine contained no or negligible radioactivity. 

It was also found that a preferential incorporation of the glucose C, into the 
long-chain fatty acids and cholesterol had taken place. The ratios of the specific 
activity of the latter compounds derived from G-6-C™ to those derived from G-1- 
C™ are listed in Table VI. From these data the relative contributions of the E-M 
pathway and the HMP shunt to the conversions glucose > long-chains fatty 
acids and glucose -> cholesterol were calculated using formula (1); the results 
are listed in Table VII. In two experiments the fatty acids derived from G-u-C™ 


TaBLE VI.—Ratio of Specific Activities of the Long-Chain Fatty Acids, Cholesterol, 
and Carbon Dioxide of Tumour Slices Labelled by G-6-C™ to the Specific 
Activities of the Corresponding Compounds Labelled by G-1-C™ 

The per cent recovery of C in CO, from G-6-C™ and G-1-C" is listed in 
the last column of the table between parentheses. 
Experiment 
number Tumour Fatty acids Cholesterol Carbon divxide 

T 49985 ; —_ ; 2-40 0-32 (2-66/8-32) 
T 86157 . 1-47 ; 2-70 ‘ 0-38 (6-72/17-9) 
T 86157 ° 1-81 . 3-13 . 0-19 (2-87/15-1) 
Rat hepatoma . * ‘ * ; 0-16 (1-92/11-8) 
so * ° 1-60 ° 1-68 0-37 (2-49/6-83) 
T 24202 ‘ 1-42 ‘ 1-17 0-34 (5-28/15-5) 


* Incorporation too small to be reliable. 





* This finding is in accordance with the reaction sequence: G-1-C' or G-6-C'* —— serine- 
-C,4 
3-C!# ———- glycine ; serine was isolated in a few experiments and found to contain appreciable 


radioactivity. 
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were also isolated. Calculation based on the specific activities of these fatty acids 
and those derived from G-1-C™ and G-6-C™ (compare Blumenthal, Lewis and 
Weinhouse, 1954) yielded results in accordance with those of Table VII. 


TaBLE VII.—Estimation of the Relative Contributions of the Embden-Meyerhof 
Pathway and HMP Shunt to the Conversion of Glucose to Fatty Acids, 
Cholesterol, and Lactate 


Calculation based on formula (1) and the data of Table VI. It is assumed 
that cholesterol is exclusively labelled by incorporation of the 2-C fragments 
derived from glucose. 


Glucose ——> Fatty acids Glucose ——- Cholesterol Glucose —— Lactate 
via via via 
. <n ne i: on al Be A 
E-M HMP E-M HMP E-M 

Experiment pathway shunt pathway shunt pathway 
number (%) (%) (%) (%) (%) 
10 . —_— — ° 42 58 . 100 
ll . 68 32 ° 37 63 : 95 
12 ; 55 45 , 32 68 ‘ _ 
13 : _ —_— ° _ _ . 100 
14 . 62 38 , 60 40 ‘ --- 
15 : 70 30 ‘ 86 14 : _- 








Comment 

The quantitative estimation of the relative role of the E-M pathway and the 
HMP shunt may be of limited value in view of the underlying assumptions which 
may appear to be wrong or too simple (compare Wood, 1955). Two observations 


made in the present investigation point into the latter direction. 

In a number of experiments, the specific activity of the lactate derived from 
G-6-C™ was found to be lower than that formed from G-1-C. This finding is 
opposite to what must be expected on the basis of the assumptions made, even if 
the E-M pathway were the only one in operation. A difference in the contri- 
bution of non-labelled metabolites to lactate production in the two separate flasks 
of such an experiment might contribute to the discrepancy. However, it is of 
interest that Villavicencio and Barron (1957) obtained the following result which 
they considered erroneous. On account of the results obtained with G-1-C™ and 
G-u-C™ they calculated a contribution of 12 per cent from the HMP shunt to 
lactate formation in lymphosarcoma cells, whereas with G-6-C™ no significant 
contribution from the latter pathway was apparent. The results of Blumenthal 
et al. (1954) also demonstrate that the contribution of the HMP shunt is smaller 
when the calculation is based upon the data obtained with G-6-C™ and G-u-C™ 
than on G-1-C™ and G-u-C*, 

A second discrepancy is provided by the finding that in one and the same 
experiment the differential incorporation of the carbon atoms 1 and 6 of glucose 
into the metabolic products of the tumour slice may vary widely as judged from 
the ratio of incorporation of the labelled atoms into lactate, fatty acids, cholesterol 
and proteins. It even appeared that in a number of experiments no preferential 
incorporation of C, of glucose into the lactate took place, whereas in the closely 
related protein-bound alanine a strong preference was noted. This finding may 
indicate that the two compounds, lactate and alanine, were not derived from the 
same precursor and thus argues against the assumption that the triosephosphates 
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of the E-M pathway and the HMP shunt are in rapid metabolic equilibrium. The 
present findings make it necessary to re-evaluate the validity of the assumptions 
which are in general use for the quantitative estimation of the HMP shunt. A 
strict quantitative significance can, as yet, not be ascribed to the available data. 


The Operation of the HMP Shunt in Ascites Tumour Cells and 
Tumour Slices as a Function of the Glucose Concentration 


It has been reported by Racker (1956) and by Wenner, Hackney and Herbert 
(1957) that the preferential incorporation of radioactivity into the respiratory 
carbon dioxide from G-1-C' as compared with G-6-C™ is dependent upon the 
concentration of glucose in the medium in which ascites tumour cells are sus- 
pended. With small amounts of glucose (0-001 M) the HMP shunt did not appear 
to be operative as judged by the above criterion. 

We have confirmed this observation, using ascites cells of a mammary carci- 
noma. No preferential incorporation of C, or C, of glucose into the carbon dioxide, 
proteins*, and fatty acids took place when the hexose concentration amounted to 
0-0007 M and incubation was carried out for 30 minutes. A typical experiment is 
illustrated in Table VIII, experiment No. 16a. When the glucose concentration 


TaBLE VIII.—Jncorporation of C™ into Carbon Dioxide, Proteins and Long-Chain 
Fatty Acids of Ascites Tumour Cells and Tumour Slices after Short-time 
Incubation with Limiting Amounts of Glucose-1- and -6-C™ 


500 mg. of wet weight cells or 600 mg. of wet weight slices were incubated 
for 30 minutes at 37° C. in 2-0 ml. Krebs-Ringer phosphate buffer with 
250 pug. of radioglucose (5 ue. ; 1-3 x 10* c/m as BaCO, at “ infinite ” 
thickness). 
Carbon 
dioxide Fatty 
Experiment G-n-C“  C™recovered Proteins acids 
number n (%) c/m c/m 
16a 21-7 ° 3146 . 384 
3347 . 357 
466 ° — 
489 ; -- 
474 _ 
428 . —— 
412 ° 210 
632 ; 440 
270 . 105 
375 . 182 
1399 ‘ 1861 
1987 : 2353 


* Glucose concentration raised to 0-007 m by adding 9 parts (2-25 mg.) of unlabelled glucose. 

+ 0-03 m malonate present. 

¢~ Average of 3 closely agreeing experiments with different tumours of the same strain. The 
per cent recovery of C™ in the carbon dioxide produced from G-1-C™ and G-6-C™ after 60 minutes of 
incubation in the presence of 0-03 m malonate amounted to 31-3 and 0-9 respectively. 

§ Average of 2 experiments with slices of the same tumour. 
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17, 18, 19f  . T 86157 
20a, b§ ‘ Rat hepatoma 
21 . T 26567s 
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* The incorporation of C™ into the proteins of the ascites cells is rather high as compared 
with other tumours. Calculations sho that approximately 9 per cent of the added radioactivity 
was incorporated into the proteins of the ascites cells in the present experiments. In other experi- 
ments, not reported here, 18 per cent of the radioactivity of 125 ug. glucose (0- 00035 m) was recovered 
in the proteins. 
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was raised to 0-007 M (by adding 9 parts of unlabelled glucose, Table VII, experi- 
ment No. 16b), the C, of glucose appeared in a higher concentration in the carbon 
dioxide than the C, of glucose (compare also experiment 4 of Table II in van Vals 
and Emmelot, 1957) but the labelling of the protein by the two substrates was 
not different. It should be noted that in experiments of the type 16a 22-26 per 
cent of the C™ from 250 wg. G-1-C" and in the experiments of type 16b 6-8 per cent 
of the C'* from 2500 yg. G-1-C™ was recovered in the respiratory carbon dioxide. 
Inhibition of the citric acid cycle by malonate (0-03 M, Table VII, experiment 
No. 16c) depressed the appearance of C™ in the CO, from both G-1-C™ and G-6-C™ 
(0-0007 M) significantly, but the conversion of G-6-C"* to C“O, was impaired to a 
greater extent than the corresponding process in which G-1-C™ participated ; 
protein labelling by the two glucoses was affected to the same extent in the pre- 
sence of malonate. This effect of malonate on the inccrporation of C' from 
G-1-C™ and G-6-C™ into carbon dioxide by the ascites cells was similar to that 
obtained earlier with a number of normal tissues (1 g. slices) in which otherwise 
no preferential oxidation of C, of G-1-C™ (3 mg.) occurred (van Vals, Bosch and 
Emmelot, 1956). In contrast with the situation in the ascites tumour, it was 
found (Table VIII, experiments 17—21) that in slices of solid tumours the HMP 
shunt was very active at the low glucose concentration (0-0007 M; 0-25 mg. 
glucose /600 mg. wet weight of slices). The preferential incorporation of glucose 
carbon atom 1 into the carbon dioxide} and of glucose carbon atom 6 into the 
proteins and fatty acids, observed in the latter experiments, was very similar 
to the results obtained in the earlier experiments of the present investigation in 
which 3 mg. glucose /1000 mg. wet weight of slices was used. 


SUMMARY 


1. Tissue slices from mouse and rat tumours were incubated in the presence 
of glucose-1- and -6-C™ and the C™ contents of the respiratory carbon dioxide, 
lactate, long-chain fatty acids, cholesterol, proteins and some protein-bound 
amino acids were measured. 

2. The relative contributions of the Embden-Meyerhof pathway and the 
hexosemonophosphate shunt to the conversions of glucose to lactate, fatty acids 
and cholesterol were estimated by calculation based on the above data. Of the 
glucose molecules which contributed their carbon to the lactate pools of the various 
tumours 0-32 per cent had passed the HMP shunt. In the case of the fatty acids 
and cholesterol the contribution of the HMP shunt amounted to 25-45 per cent 
and 14-68 per cent, respectively. In all but one experiment a higher incorporation 
of C, as compared with the C, of glucose into the proteins was noted. The differ- 
ence in labelling of the proteins by the two glucoses was reflected in the specific 
activities of the constituent amino acids glutamate, aspartate and alanine. 

3. The ratio of incorporation of carbon atom 6 to that of carbon atom 1 of 
glucose into the various metabolic products of the tumour slices varied widely. 
The finding that in a number of experiments this ratio amounted to 1 or less in 
the case of lactate and to 1-5—2-2 for alanine raises the question whether the triose 
produced by the E-M pathway is in rapid metabolic equilibrium with the triose 
produced by the HMP shunt reactions. It is concluded that the validity of the 


+ Earlier experiments (van Vals et al., 1956) have shown that the recovery of C™ in the carbon 
dioxide produced in the presence of G-1-C™ by slices of solid tumours is insensitive, or almost 
insensitive to malonate. 
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assumptions which are in general use to-day for the calculation of the HMP shunt 
in tracer experiments, should be re-evaluated. 

4. A difference in labelling of the carboxyl carbons of the lactate produced 
from glucose-1- and -6-C! was observed. The reason for this remained obscure 
since fixation of C!-bicarbonate into the carboxyl carbons of lactate did not take 
place to any significant extent under the conditions of the present experiments. 

5. In contrast to the situation in ascites tumour cells, the activity of the HMP 
shunt, as judged by the preferential incorporation of the C, of glucose into the 
proteins and fatty acids and that of C, into the carbon dioxide, was not impaired 
in slices of solid tumours when incubation was carried out at very low glucose 
concentrations. This may indicate that the HMP shunt of solid tumours is 
operative at physiological concentrations of glucose. 
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A RAPID disappearance of tumour tissue is usually accompanied by an increased 
urinary excretion of metabolites (Eliel e¢ al., 1950; Homburger, Bonner and 
Fishman, 1952; Fenninger, Waterhouse and Kentmann, 1953 ; Spencer, Green- 
berg and Laszlo, 1954; Sandberg, Cartwright and Wintrobe, 1956; Krakoff, 
1957). To give an idea of the quantitative relationships, the following mean 
figures are given (abstracted from Waterhouse, Terepka and Sherman, 1955) : 


1 kg. fat free tumour tissue contains about 85 per cent water, + 24 g. 
(= 1700 mMol) Nitrogen, about 3 g. (= + 100 mMol) Phosphate and 
+ 4 g. (= 100 mMol) Potassium. 


The rise of the urinary excretion of metabolites depends on the rate of tumour 
destruction. In a former publication (Gerbrandy, Hellendoorn and Lokkerbol, 
1958) the excess excretion of different metabolites during X-ray irradiation of 
5 leukaemic and 3 cancer patients was calculated. A close time-relationship 
appeared to exist between the changes in the excretion of metabolites and the 
beginning and cessation of tumour loss. The total amount of excess excreted 
phosphate agreed reasonably with the clinical estimates of tumour loss and the 
ratios between the total excess excretions of phosphate, potassium and uric acid 
appeared to be in the range as could be expected from the destruction of tumour 
tissue. In this paper the results of our investigations into the effect of cytotoxic 
drugs on the urinary excretion of metabolites are published. In these experi- 
ments the same relationships have been found as in our experiments with X-ray 
irradiation. 
METHODS 

Six patients with Hodgkin’s disease, 3 patients with metastasized carcinoma 
(1 mamma, 1 thyroid, 1 unknown) and | patient with generalized reticulosarco- 
matosis received a diet which was accurately standardized in every case at 2000 
to 2500 calories, 15 to 20 g. proteins, + 600 mg. phosphate, + 200 mg. calcium, 
+ 40 mMol potassium and + 3000 mg. nitrogen a day. 

Eight patients received intravenous injections of nitrogen mustard to a total 
dose of 25 to 30 mg. in 4 to 12 days; 2 patients received intravenous injections 
of triethylenemelamine to a total dose of 18 mg. in 5 days. The injections were 
started when a reasonably stable level of excretion of metabolites was attained. 

The chemical determinations are described in the former publication (Ger- 
brandy, Hellendoorn and Lokkerbol, 1958). The nitrogen was determined by a 
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micro-Kjeldahl method. Each patient was weighed 3 times a week at 10 a.m. 
always under identical conditions. The rectal temperature was taken 3 times 


a day.. 
RESULTS 


Eight patients (5 M. Hodgkin, 1 reticulosarcomatosis and 2 metastasized 
carcinoma) were treated with i.v. injections of nitrogen mustard. In Table I the 
clinical data are given together with the figures of the changes in the urinary 
excretion of phosphate, uric acid, potassium, calcium, urea and creatinine. The 
column for the control period contains the figures for the excretion of metabolites 


M HODGKIN CARC.METAST 


AS57¥. Wwés7¥ Besov Rp 56¥ Rés6y Néssy SeS4v 


28 30mg 25 25m 30mg 25mg MM 26mgNITROGEN 
mg mg 9 — 


LV. 





UREA 


CREATININE 


RECTAL 


BODY WEIGHT 
| | TEMPERATURE 


DAYS 


Fic. 1.—Changes in the urinary excretion of metabolites in 7 patients 
during treatment with nitrogen mustard. 


for a number of days before treatment started ; during this period the excretion 
of the different metabolites had reached a stable level. The column “ metabolic 
changes during treatment” comprises the days starting from the beginning of 
the injections till the day on which a new equilibrium in excretion had been 
reached. Finally the column “ period of stabilization ’’ contains the figures for 
the excretion of this new equilibrium. The time of observation was only long 
enough in 6 patients to reach this new equilibrium. The body weight of each 
period represents the last measurement in this period. The mean rectal tempera- 
ture of a period was calculated from the highest readings of each day. In Fig. 1 
the daily fluctuations of the urinary excretions of metabolites, body weight and 
rectal temperature are given of 7 patients. The metabolic changes in the 8th 
patient, Mr. K—, were too big to be pictured in this graph ; they are given in 
Fig. 2. 
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Two patients (1 M. Hodgkin and 1 metastasized thyroid carcinoma) received 
intravenous injections of triethylenemelamine. In Table II the metabolic changes 
are calculated in the same way as in Table I and in Fig. 3 the daily figures for the 
urinary excretions of metabolites, body weight and rectal temperature are 
depicted. 

In the following paragraphs the same 3 relationships will be established as has 
been done in our former paper (Gerbrandy, Hellendoorn and Lokkerbol, 1958) 
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Fic. 2.—Changes in the urinary excretion of metabolites in a patient with generalized 
reticulosarcomatosis during treatment with nitrogen mustard. 








about X-ray irradiation to 5 leukaemic and 3 cancer patients. For the sake of 
clarity the figures of our investigation on the effect of cytotoxic drugs will often 
be presented together with the corresponding figures of our irradiated patients. 


(a) The time-relationship 

During treatment with nitrogen mustard and triethylenemelamine the ex- 
cretion of metabolites usually started to rise between the 2nd and 3rd day of the 
period of treatment. In Table III the first day of elevated excretion of phosphate 
and uric acid after commencing therapy is given in all our experiments with X-ray 
irradiation and cytotoxic drugs. 
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Fic. 3.—Changes in the urinary excretion of metabolites in 2 patients 
during treatment by intravenous injections of TEM. 
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(b) The total excess excretion of phosphate 


According to the findings of Waterhouse, Terepka and Sherman (1955) the 
P-content of 1 kg. of tumour tissue is assumed to be as follows : lymphatic leuk- 
aemia + 4-7 g., myeloid leukaemia + 3-2 g., M. Hodgkin + 2-5 g., reticulosarcoma 
+ 3.2 g. and carcinoma + 1-8 g. With these facts the total loss of tumour tissue 
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Fie. 4.—Correlation between calculated tumour loss (total excess excretion of phosphate) and fall of 
body weight in 18 patients treated with X-ray irradiation or cytotoxics. 


is calculated from the excess excretion of phosphate. Because of the simultaneous 
rise of calcium excretion (skeletal breakdown) a correction of the phosphate ex- 
cretion had to be made by means of the ratio Ca: P = 2-2:1. In Fig. 4 the 
calculated tumour loss from the excess excretion of P is compared with the fall 
of body weight in the same period. A significant correlation appeared to exist in 
which a calculated loss of 1 kg. of tumour tissue corresponded with a loss of at 
least 2 kg. of body weight. 
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In Table IV the loss of tumour tissue calculated from the excess excretion of P 
is compared with other clinical data. The establishment of a quantitative relation- 
ship is impossible, of course, as not enough quantitative criteria of tumour loss 
are available. However, the decrease in the size of spleen and liver and the 
diminution of glandular swelling are a useful measure of therapeutic effect. It 
appears from the figures in Table IV that a certain correlation exists between the 
calculated tumour loss and the palpable tumour loss. 


(c) The mutual ratio between the excess excretion of metabolites 


In Table V the excess excretion of different metabolites in the urine during 

the period of metabolic changes is calculated in grams and millimols, taking the 
excretion in the control period as a base line. In 5 patients the mean rectal 
temperature during the control period was higher than 37-5° C. This was accom- 
panied by an abnormally high excretion of urea and uric acid. In these cases we 
used the excretion level of the “ period of stabilization ”’ as a base for calculating 
the excess excretion of the different metabolites. The excess excretions of phos- 
phate have been corrected for changes in the calcium excretion according to the 
ratio calcium : phosphorus = 2-2: 1. 
In Table VI the following ratios between the excess excreted metabolites are cal- 
culated : Mol P : Mol uric acid, Mol P : Mol K, Mol K : gram N (calculated from 
urea, uric acid and creatinine), Mol urea : Mol uric acid, gram N (calculated from 
urea, uric acid and creatinine) : gram P. In 3 cases the excess excretions of nitro- 
gen calculated from the excess excreted amounts or urea, uric acid and creatinine 
were checked by a direct determination of the total nitrogen in the urine ; they 
differed no more than + 10 per cent. 


DISCUSSION 


The same relationship appeared principally to exist between the injection of 
nitrogen mustard or triethylenemelamine (TEM) and the excretion of metabolites 
as that between X-ray irradiation and the excretion of metabolites (Gerbrandy, 
Hellendoorn and Lokkerbol, 1958). This is concluded from the following facts : 

1. A close time-relationship appeared to exist between the onset of the rise 
of metabolites and the commencement of injections (usually a difference of one 
day). It is not possible to correlate the end of the increase of the excretion of the 
metabolites with clinical data. It appears from the curves of the excretions of 
metabolites after injections of nitrogen mustard and TEM that the onset and 
rapidity of tumour destruction is practically the same for both substances, pro- 
vided both are injected intravenously. 

2. A close parallelism existed between the estimated tumour loss, calculated 
from the urinary excess excretion of phosphate, and the two approximate clinical 
standards of tumour loss, i.e. (a) the fall of body weight and (b) the diminishing 
of the size of an enlarged spleen, liver or lymph glands. As regards the fall of body 
weight this appeared to be twice as great as the tumour loss calculated from the 
excess excretions of phosphate. This will be caused by the loss of extracellular 
fluid and the loss of other tissues with a lower phosphate content. Furthermore 
the excess excretion of phosphate will not represent only loss of tumour tissue, as 
the injected cytotoxic drugs will also affect other rapid cell-dividing tissues as for 
instance bone marrow and such-like. Maybe the excess excretion of 0-8 g. phos- 
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TaBLe V.—The Urinary Excess Excretion of Metabolites During the Period of Metabolic Chan 


Phosphate Uric acid Potas- Urea 
Diag- Treat- ——*——, - A — sium —“~—— C 
Name nosis ment  (g.) (mMol) (g-) (mMol) (mMol) (g.) (mMol) (mg.) 


Mr.A— . M. .HN,. 3,807 123-0. 3,512 20-9. 3-2. 26-9 449. -—272. 
Hodgkin 


Mr.W— % . 2,867 92-5 . 3,386 20-2. 48-4. 23-3 388 . —1,912. 
Miss B—* . o : . 2,383 77-0 . 3,450 *5. 75:0. 53-3 889. +1,200*. 
Miss R—* . o ‘ - 1,991 64-2 . 3,186 0. —29-5 . 25-7 429. +98*. 
Mr. R—*_. " ‘ 2,240 72-3 . 2,142 ‘8. 49-6. 33-7 526. +1,800*. 
Mr. N— . Metast. . 969 31-3. 732 “4. 3-6. 28-8 480. —396 . 13-6 
care. 
Miss S— ° * . * * 773 25-0 . 1,404 4. -—10-4. 36-4 607. —208 . 17-5 
Mr. K—* . Retic. . . 13,802 445 . 15,880 *7 . 519-0 . 271-7 4,520 . +1,650*. 132-5 


sarc. 





.- TEM. 2,073 66-0 . 5,687 33-6 . —27-5 . 78-0 1,299 . +1,749*. 38-9 
908 29-3 . 1,727 10-3. 77. 24-8 412. —77 . 12-1 . 13 


* The period of metabolic changes is compared with the after period of stabilization because of fever in the cont 
period. On account of the gradual fall of creatinine excretion a + excretion of creatinine is noted in these cases. 


TaBLE VI.—The Urinary Excess Excretion of Metabolites During the Period of Metabolic Chan 
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phate in Miss S— with no perceptible clinical effect from the nitrogen mustard 
stems largely from the destruction of non-tumorous tissue. 

3. A close parallel exists between the rise and fall of different metabolites such 
as phosphate, uric acid, urea and potassium. 

4, The ratios between the excess excretion of the different metabolites did not 
differ fundamentally from the ratios found after X-ray irradiation. The differences 
between the individual experiments with cytotoxic drugs, however, were greater 
than between those with X-ray irradiation. This may be caused by the fact, that 
the cytotoxic drugs affected the whole body, and the X-rays mainly the tumour 
tissue. The closest agreement existed between the ratios Mol P : Mol uric acid in 
the experiments with irradiation and cytotoxic drugs ; in the irradiation experi- 
ments this ratio varied between 2-1 and 5-0 (mean 3-7) and in the experiments 
with cytotoxics the ratio varied between 2-0 and 7-1 (mean 4-3). These ratios 
are to be expected in breakdown of tumour tissue. 
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The ratio Mol P : Mol K has to be about 1 in tumour tissue. In our experi- 
ments with irradiation this ratio varied between 0-5 and 1-4 (mean 0-8). However, 
in only 4 of our 10 experiments with cytotoxics was this near 1; in 3 cases the 
ratio was much higher and in the other experiments the K-excretion had fallen 
during a rise of the other metabolites. It is possible that intravenous injections 
of cytotoxics affect the excretion of adrenal hormones and consequently the 
excretion of potassium. The variation in the ratio Mol K : gram N in the experi- 
ments with cytotoxics were too large to allow conclusions to be drawn. 

In one respect the metabolic changes after injection of cytotoxic drugs differed 
from these after irradiation i.e. in the ratio gram N: gram P. According to 
Waterhouse, Terepka and Sherman (1955) this ratio amounts to about 15 in 
normal protoplasm but varies in leukaemic, sarcomatous and Hodgkin tissue 
usually between 5 and 15 and in carcinomatous tissue between 8 and 22. Our 
figures in the experiments with irradiation varied between 1-7 and 7-2 (mean 3-8) 
but in the experiments with cytotoxics this ratio varied between 3-6 and 23-6 
(mean 11-1). The difference between the two sets of experiments has to be ex- 
plained partly by the larger P-content of leukaemic cells than of Hodgkin and 
carcinomatous tissue and partly by the destruction of non-tumorous tissues with 
a relatively low P-content by the cytotoxic drugs. 

In the experiments with cytotoxic drugs the same gradual fall of creatinine 
excretion and of serum creatinine was seen as in the irradiation experiments. We 
could not demonstrate a correlation between the fall of creatinine excretion and 
the fall of body weight. As contrasted with the irradiation experiments, an in- 
jection of cytotoxics was usually followed by a rise of calcium excretion (with the 
exception of Mrs. v. T— with M. Hodgkin who started with an elevated calcium 
excretion of 340 mg. a day). The cytotoxic drugs therefore usually also affect 
the bones to some extent. 

As in the patients with chronic myeloid leukaemia, the excretion of uric acid 
in several patients with Hodgkin’s disease was abnormally high during the control 
period. The phosphate excretion however, was normal during these periods. This 
reflects presumably the nearly total. re-utilization of phosphate and the non- or 
only partial re-utilization of uric acid during an increased turnover of tumour 
cells. The excretion of both metabolites usually rises during the breakdown of 
tumour tissue but during the period of stabilization afterwards the excretion of 
uric acid falls below the control level and the phosphate excretion returns to 
about the control level. Assuming an inhibition of tumour growth by nitrogen 
mustard and TEM as in our irradiation experiments, the rise of excretion of phos- 
phate and uric acid during the intravenous injections probably reflects the amount 
of metabolites originating from the normal metabolism of tumour cells that 
cannot be incorporated into new tumour cells. In this respect the case of Mr. K— 
with an extremely rapidly growing generalized reticulosarcomatosis seems to be 
interesting (Fig. 2). During the period of after-control the level of phosphate 
excretion fell for 3 days to zero but the excretion of uric acid stayed at an elevated 
level of about 700 mg. a day. Presumably all the phosphate available was required 
to be incorporated into the new tumour tissue, in contrast to the uric acid. 


SUMMARY 


In 10 cancer patients (6 Hodgkin’s disease, 3 metastasized carcinoma, 1 
generalized reticulosarcoma), who were on a standardized low-protein diet, the 
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urinary excretion of phosphate, uric acid, potassium, calcium, urea and creatinine 
was investigated during intravenous injections of nitrogen mustard (8 patients) 
and triethylenemelamine (2 patients). The effect of injections of cytotoxics on 
the excretions of metabolites appeared to be principally the same as of X-ray 
irradiation. This is concluded from the following facts : 

1. A close time-relationship appeared to exist between the onset of the rise 
of metabolites and the commencement of injections (usually a difference of one 
day). 

2. A close parallel existed between the estimated tumour loss, calculated from 
the urinary excess excretion of phosphate, and two approximate clinical standards 
of tumour loss, i.e. a fall of body weight and a diminishing of the size of an en- 
larged spleen, liver or lymph glands. 

3. A close parallel existed between the rise and fall of the excretion of cell 
metabolites such as phosphate, uric acid, potassium and urea. 

4. The ratios between the total excess excretions of phosphate and uric acid 
agreed with those found after X-ray irradiation and appeared to be in the range 
as could be expected from the destruction of tumour tissue. The excess excretions 
of potassium and nitrogen compared to phosphate, however, fell behind those 
after X-ray irradiation. 

From the experiments with injections of cytotoxics as with X-ray irradiation 
a nearly total re-utilization of phosphate and a non- or only partial re-utilization 
of uric acid in growing tumour tissue were concluded. 
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The most complete account to date of the carcinogenicity of aromatic compounds 
is due to Pullman and Pullman (1955) ; it is essentially based on the assumption 
that the biological activity of a molecule is related to its chemical reactivity, 
so that the interaction of the carcinogen with the cellular receiver takes place at 
or through the reactive “ K ”’ region of the molecule. This assumption is justified 
in so far as a correlation exists between certain calculated electron characteristics 
of this region and the carcinogenic activity, but no convincing correlation has 
yet been shown between activity and those molecular properties which should 
reflect the corresponding changes in structure. It is also clear that any apparent 
correlation within the polycyclic hydrocarbons is meaningless when applied to 
another class of carcinogens, although a good deal of evidence has accumulated 
suggesting that a pumber of chemically dissimilar carcinogens act through some 
common princi® f protein deletion. The “ deletion’ hypothesis (Miller and 
Miller, 1952), ue. .ved from the observed in vivo binding of aromatic hydrocarbons 
and related molecules to proteins (see for example Heidelberger and Moldenhauer, 
1956), suggests that the interaction of the carcinogen with the protein leads to the 
deletion of proteins involved as enzymes essential for the control of growth ; 
the purpose of the present discussion is to examine a mechanism by which the 
carcinogen might achieve such an effect. 


The Electronic Structure of Carcinogen-Protein Complexes 


To discuss the nature of the carcinogen-protein interaction, the possibility 
of charge transfer within the complex and other related effects, a knowledge of 
the electron distribution in the carcinogen and protein separately is necessary ; 
in both cases the method of “ molecular orbitals ” has been used and although 
detailed descriptions of the method have been given elsewhere (Coulson, 1953), 
its more relevant aspects, as we require them, will be briefly discussed. 

For an aromatic hydrocarbon or related compound, we need to describe the 
molecule by specifying which molecular orbitals are allowed for the aromatic 
(7) electrons and what are their energies. To facilitate the solution of the secular 
equations which provide such information, several approximations are available ; 
the nature or reality of these approximations are not of much interest here but 
the results of two approaches—the Hiickel and Wheland methods—will be used to 
examine the consistency of the theoretical predictions. The approximations are 
identical in that the ground (unexcited) state of a molecule possessing n 7 electrons 
is usually described by the n/2 bonding orbitals, each doubly filled, while the 
antibonding orbitals, into which electrons may be excited, are empty. In the 
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particular case of the Hiickel approximation, all the orbital energies are in the 
form, 

E;=a +m 
where « is the Coulomb integral and # the resonance integral. In the Wheland 
method, the energies are given by a similar expression 


where y is now a new resonance integral defined by 
y= fh — Sa 


S is the overlap integral (usually given the value of 0-25) and &,; is related to the 
previous m; by 

——. oe 

ot a Sm; % 


For the so-called alternant hydrocarbons, where there are no closed rings in the 
molecule with an odd number of carbon atoms, equal positive and negative values 
of m,; occur together, with the positive values usually denoting the bonding 
orbitals. This symmetry in orbital coefficients does not extend to the Wheland 
method. 

The energy difference between levels i and j will therefore be 


AE;; = (m, — mj) B 


k; 


in the Hiickel scheme, and 


AE; = (k, — k;) i 


according to the Wheland approximation. The energy difference is therefore 
generally assumed to be independent of «, the Coulomb integral, and is usually 
quoted in units of # or y, the resonance integrals. 

For our electronic model of a protein we can return to Szent-Gyérgi’s original 
suggestions (1941) which likened the situation in a protein molecule, on account 
of its size and regularity of architecture, to the situation in a crystal lattice where 
quantum-mechanical methods show that the energy levels appropriate to the 
individual atoms fuse into a banded system extending over the whole lattice. 
The usefulness of such a model to explain biochemical reactions apparently 
involving action at a distance is clear ; and such suggestive evidence as the role 
which the iron-containing proteins, cytochrome a, b and c, play in the cell’s oxida- 
tion processes, the liberation through photon absorption of carbon monoxide from 
a carbon monoxide-myoglobin complex etc., led Evans and Gergely (1949) to a 
theoretical examination of the possibility of bands of energy levels in proteins as 
a result of electronic interaction between the atomic 7 orbitals in such an arrange- 
ment as is shown in Fig. 1. These authors confirmed that the electronic structure 
of a protein could be described by a banded system and their results are sum- 
marized in Table I. 

The general conclusion regarding the existence of bands of energy levels is 
unaltered if the several possible stereo-chemical configurations for nitrogen are 
included separately in the calculations, although the most likely result is that 
based on the trigonal configuration (Corey and Pauling, 1953). The following 
discussion will relate to these values in particular, although once again the 
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Fic. 1.—The supposed z orbital arrangement in a protein molecule, 


TaBLeE I.—Range of Energy Bands (eV) Relative to the Lowest Filled Lrvel 


Assumed stereochemistry of nitrogen 

A ——a 

(6) (c) 
Pyramidal N-H isoelectric Electronic 

with O condition 

0-00-0- 20 0-00-0- 26 . Doubly filled 
2-04-2-34 2-50-2-89 - Doubly filled 
6-57-6-67 7-65-7-79 ; Unfilled 





argument is generally applicable to any results which contain implicitly an 
expression for the existence of a banded system in the protein. 

The ground state of a protein, with its bands completely filled, is characteristic 
of the situation in an insulator structure ; electron mobility may not be achieved 
unless electrons can be excited from the highest filled band to the unfilled 
conduction band or transferred in some way to a molecule which is capable of 
acting as an electron acceptor. It is clear, as Evans and Gergely (1949) pointed 
out, that excitation of electrons into the conduction band can never be realized 
by thermal processes since the width of the forbidden zone (~ 3 eV) is com- 
parable with bond energies; mobility could, however, be induced through the 
absorption of photons of suitable energy and we shall return to this process in 
discussing a possible mechanism for radiation carcinogenesis. 

Perhaps the most important conclusion reached by Evans and Gergely (1949) 
was concerned with the possibility of charge transfer in reactions between coupled 
resonating systems. The narrowness of the calculated band widths leads to the 
suggestion that in a molecular complex made up, say, from an aromatic hydro- 
carbon and protein, charge transfer within the complex will only take place when 
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the energy levels of the molecules are closely matched. In such a complex the 
aromatic molecule could act as either an electron donor or acceptor. Donation of 
electrons to the protein by the hydrocarbon would take place when a filled level 
in the hydrocarbon occurred at an energy within the range of that of the unfilled 
conduction band in the protein ; electrons transferred to the conduction band in 
this way could transmit energy throughout the protein or even, as Szent-Gyérgi 
(1941) pointed out, through a system of protein molecules if these proteins shared 
a common band system. It is difficult to see, however, how any biochemical 


Band 3 (Unfilled) 


Highest filled level =§5£—— SSS Band | (filed) 


Hydrocarbon 


Fie. 2. 


reactions which may be associated with carcinogenesis could be initiated, since it 
would be impossible for the electrons travelling in the conduction band to “ drop ” 
to states of lower energy, these being already completely filled. It could be argued, 
however, that the protein would now be more susceptible to attack by other 
agents which are more intimately connected with the carcinogenic process, but 
in the absence of knowledge about such agents, this approach is scarcely a useful 
one at the moment. 

The hydrocarbon, or indeed any molecule, may, alternatively, act as an 
electron acceptor when—the energy levels in the molecules being closely matched 
—an unfilled level lies within the energy range of a filled band in the protein. If 
the arrangement of electronic levels in the complex can be represented as in 
Fig. 2, that is, the highest filled level of the hydrocarbon coincides with the lowest 
filled band in the protein (Mason, 1958), then electron mobility will be induced 
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in the hitherto completely filled band of the protein when the energy separation 
between the highest filled and an unfilled level of the acceptor is 


AE,, = 3-235 + 0-195 eV ; ; . 


(The assumed arrangement of levels in the complex implies that the difference 
between the ionization potential of a protein, which might be expected to be of the 
order of 8 eV, and the electron affinity of the hydrocarbon (some 2—4 eV) is offset 
by the electrostatic binding energy. This is not an improbable result although 
it is one impossible to justify in any detail.) 

Table II lists the energy differences, in eV, between the highest filled and suc- 
cessive unfilled levels in aromatic molecules, as predicted by the Hiickel and Whe- 
land approximations and with the resonance integrals # and y chosen to be 2-8 


ABLE II.—Energies of Successive Unfilled Levels in Aromatic Molecules Relative to the Highest 
Filled Level According to the Hiickel and Wheland Approximations 
AE, AE, AE, AE, 


—__ M$ —_—_- y — i) ergs — “_ 
Molecule Hiickel Wheland Hiickel Wheland. Hiickel. Wheland Hiickel Wheland Activity 
5-676 : . 5-676 5-315 . 8-514 11-962 . “ ‘ ‘ = 
-508 c -592 4-657 . 451 149 . 6-346 105 ‘ 
-351 258 013 258 . 387 
-674 090 675 007 924 
+247 340 462 842 - 842 
-435 683 960 295 141 
222 216 449 561 132 
952 609 960 939 503 
567 182 122 -335 112 
526 795 101 -321 -513 
883 512 437 265 -176 
481 474 079 305 305 
849 - 154 - 864 839 434 
971 824 119 119 
833 -661 562 863 
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eV and 2-5 eV respectively. Those values are arbitrarily selected to make the 
“ active ” ranges 
1-100 < AE, < 1-180 


in the Hiickel scheme (Mason, 1958) and 
1-248 < AE, < 1-348 


for the Wheland approximation, coincide with the range for activity which is to 
be expected from the Evans and Gergely calculations. 
According to the Hiickel approximation, the range for activity is apparently 


3-122 < AE, < 3-349 eV 
that is, 
AE,, = 3-235 + 0-114 eV 


a relation which suggests that the matching of levels, which is necessary in the 
complex if charge transfer is to take place, is even more critical than is suggested 
by the Evans and Gergely calculations (equation (1).). 3.4 Benzophenanthrene, 
1.2 benzanthracene, 1.2: 5.6- and 1.2: 7.8 dibenzanthracene, 3.4 benzpyrene 
and 3.4: 8.9 dibenzopyrene, all established carcinogens, fall within this activity 
range while the other carcinogenic hydrocarbon, 1.2: 7.8 dibenzofluorene, falls 
just outside the range with AZ, = 3-62 eV. 1.12 benzoperylene and 2.3 : 6.7 
dibenzofluorene, for which no biological data are available, are allowed to be 
active together with anthanthrene which appears to be the only molecule known 
to be inactive but allowed to be active by the theory. 


If the range for activity in the Wheland approximation is specified to be 
3-110 < AE, < 3-359 


that is 
AE,, = 3-235 + 0-125 eV, 


then the carcinogens 3.4 benzophenanthrene, 1.2 benzanthracene, 1.2: 5.6 
dibenzanthracene, 3.4 benzypyrene, 3.4: 8.9 dibenzopyrene, 1.2: 7.8 dibenzo- 
fluorene and 1.2: 7.8 dibenzcarbazole fall within the active range; 3.4: 5.6 
dibenzcarbazole, a quite potent carcinogen, falls a little outside the range with 
AE, = 3-028 eV together with 1.2: 7.8 dibenzanthracene (AZ, = 2-913 eV). 
The non-carcinogenic molecules, naphthalene, picene, 1.2 : 3.4 dibenzanthracene, 
3.4: 5.6 dibenzophenanthrene and 3.4: 5.6 dibenzfluorene are all allowed to be 
active but 1.12 benzoperylene and anthanthrene, both allowed to be active on 
the Hiickel scheme, fall outside the range. The Wheland method clearly gives a 
less satisfactory account of the activity of the molecules and although this matter 
will be discussed later, it is worth remembering at this point that the Hiickel 
method has also been shown to be somewhat better than the Wheland approxima- 
tion in other investigations. 

Table IT also shows that those molecules which are carcinogenic possess one 
or more further unfilled levels lying below those coming into coincidence with 
the highest filled band in the protein ; these levels must be imagined to act as 
further acceptors for electrons from the protein so that once electron mobility 
has been induced in the macromolecule, electrons may be transferred to states of 
lower energy. The work which is done on the system, as a result of such electron 
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transfers, can take the form of some catabolic process which may be associated with 
carcinogenesis, so that the energy gap through which the electrons from the highest 
filled band in the protein fall to reach unfilled levels in the carcinogen may be 
related to the relative potency of the molecules. Table III shows such a correla- 
tion for the alternant hydrocarbons of Table IT. 


TaBLE III.—Relative Potency and Energy-level Differences in Carcinogenic 
Hydrocarbons 
Molecule AE, Hiickel (eV) AH, Wheland (eV) Relative potency 

—_— ° 0-329 ‘ + 

0-746 0-899 + 

0-358 3 — : + 
0-598 ‘ 0-718 , ++ 
1-222 1-480 5 eed 
1-493 ; 1-549 - +++ 


aa 
+ 


A similar correlation will exist between the calculated excitation energies, 
AE,, of these molecules and their activities, although it is obvious that, in general, 
a low excitation energy does not of itself imply activity since the matching criterion 
may not be satisfied (for example, napthacene and pentacene). It will be of interest 
to see whether the monomethyl 1-2 benzanthracenes fit into this scheme since 
Pullman, Berthier and Pullman (1950) have already correlated the activities 
of these molecules with their calculated excitation energies. 

It is clear from the previous discussion that the essential difficulty which presents 
itself in any correlation of biological activity with the electronic structure of 
molecules, is the absence of precise information concerning energy levels etc. 
for the molecules, the theoretical predictions being based on very considerable 
assumptions and simplifications which do not closely represent the real situation 
in the molecules. The calculations are undoubtedly most reliable for the aromatic 
alternant hydrocarbons and here the simple Hiickel method gives a reasonable 
quantitative account of the mechanism of charge transfer. The ‘‘ phenomenon 
of protein binding has been demonstrated with three classes of chemically and 
carcinogenically dissimilar compounds and suggests that a common mechanism 
of protein deletion may obtain for chemical carcinogenesis ” (Heidelberger and 
Moldenhauer, 1956). Whether the unifying principle by which structurally 
dissimilar carcinogens act is their capacity to participate in electron transfer 
processes in protein complexes cannot be examined, as yet, in a general way with 
any confidence. It is almost certain, however, that if attempts are made at some 
later time to show that molecules such as benzacridines, azo-compounds etc. 
owe their biological activity to such a property, the correlation will not be so 
convincing as for the class of compounds which have been considered here. 


DISCUSSION 


The electron-transfer processes in carcinogen-protein complexes which, it 
has been assumed, initiate carcinogenesis, amount to a 7 electron rearrangement 
in the macromolecule. Since these electrons play an important role in establishing 
the requisite steric conditions for hydrogen-bond formation it is reasonable to 
suppose that any upset of the normal arrangement may have direct repercussions 
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on the polypeptide bond system. One possible intracellular derangement during 
carcinogenesis is a keto-enol tautomerism in the protein 


| 
H— H—N 


=0 
| 


—H N—H 


RCH RC 
| 


which may be regarded, as Coulson (1953) has pointed out, as being essentially 
due to such a rearrangement. Alternatively charge transfer may be regarded 
as one likely to displace the resonance equilibrium, 


| 
H—N 


N—H 


in favour of the ionic contribution, leading to local concentrations of change in 
the protein. Although these derangements are similar in that hydrogen bonding 
is now unlikely to be sustained through the protein, enolization has the further 
effect of altering the spatial relationship of the side chains to the remainder of 
the molecule and would have the more important consequences on the folding 
of the protein. 

These structural changes may imply that the protein part of the nucleoprotein 
loses its protective action and that the nucleic acid would then be “‘ open” to 
photochemical reactions initiated by electronic transitions to lower energy states. 
The range of possible reactions is limited since, in the case of the weaker carcinogens 
at least, photons with characteristic energy of only 0-4—0-7 eV are made available 
by these processes; a hydrogen-bond breakdown is again probable and could 
effect an alteration of the nucleic acid geometry. The nucleic acid derangement— 
based on a sequence of irreversible photo-chemical reactions, each having an 
activation energy of some 0-4 eV—would have more serious consequences than 
the breakdown in the protein since it may mean that the cell loses information 
essential for its specificity. It is difficult to understand, however, why the cell 
should retain the greater part of its biological integrity during carcinogenesis, 
unless some region of the nucleic acid is capable, through certain structural 
features, of acting as a photon “trap”; the derangement could then be concen- 
trated, as it were, in that part of the molecule concerned with growth regulation. 
We are not, however, in a position to make any detailed predictions as to the nature 
of the chemical groupings which might behave in this manner. 

The suggested mechanism is based on assumptions concerning the respective 
roles of the protein and nucleic acid parts in a nucleoprotein ;_ it is rather more 
complete than that which follows if it is assumed that the biological specificity 
resides in the protein and that the nucleic acid merely serves the purpose of 
maintaining the protein in an expanded configuration. 
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Photodynamic activity and radiation carcinogenesis 


On absorption of visible light, the polycyclic hydrocarbons and related carci- 
nogens-may be excited into a triplet state, during which process an unpairing 
of the 7 electrons in the highest filled level of the carcinogen takes place. The 
occupation of the antibonding orbitals of the carcinogen by electrons from its 
bonding orbitals must affect the apparent carcinogenicity of the hydrocarbon 
since charge-transfer processes in the protein complex will be inhibited during the 
lifetime of the excitation. In its excited state the hydrocarbon will also undergo 
metabolization more readily, possibly to another molecule which may be a remotely 
acting carcinogen. 

Miller (1951) showed that exposure of animals to sunlight reduced the levels 
of epidermal protein-bound derivatives significantly as compared to the concentra- 
tions attained by mice kept in the dark. A higher incidence of skin tumours 
among mice painted with 3.4 benzpyrene and kept in the dark, than for those kept 
in bright light was reported by Morton et al. (1951) who also found a reciprocal 
relationship between the incidence of epidermal cancer and that of leukaemia. 
The decrease in the incidence of skin tumours was originally thought to result 
from the partial photo-oxidation of the carcinogen, thus reducing the effective 
dose of the agent, but this explanation can scarcely be valid since 3.4 benzpyrene 
shows a complete absence of reactivity towards oxidation (Cook, Martin and Roe, 
1939) ; Morton et al. (1951) suggested, on the other hand, that visible light facilit- 
ated the absorption through the skin of unchanged carcinogen or a leukaemogenic 
derivative. The previous discussion provides a more satisfactory theoretical 
description of these observations although it makes no comment on the possible 
nature of the leukaemogen. 

A keto-enol derangement in proteins during carcinogenesis was first suggested 
by Schmidt (1938, 1939a, b, c, 1941), being essentially based on the fact that 
radiation of characteristic energy hy greater than 3-4 eV is needed to induce 
cancer. This requirement may be understood, in almost a quantitative way, 
if it is assumed that the induction of charge mobility in the protein, as a result 
of electron promotion from the highest filled band to the unfilled band, is a requisite 
step in the carcinogenic process. Nucleic acid derangements follow upon the 
absorption of photons emitted during electronic transitions to the ground state. 
A number of the electron promotions must be imagined to lead to triplet states 
since the excitations would otherwise be too short-lived to have any important 
effects on the biological system. The probability of formation of a triplet state is, 
in general, small although it may be often enhanced by the presence of paramag- 
netic molecules, such as oxygen and nitric oxide, in the system. The increase in 
radiation sensitivity which malignant cells show on adsorption of oxygen may be 
due in part to such an effect ; it may also be due to the formation of impurity 
levels in the protein lattice which will have the effect of decreasing the forbidden 
zone width and therefore of increasing the probability of electron transitions from 
the valence band. 


A possible mode of action for chemotherapeutic and anti-carcinogenic agents 


One of the most important properties of the carcinogen-protein complex may 
be its fluorescent properties, for according to Szent-Gyérgi (1957) ‘‘ fluorescence 
tells us that the molecule is capable of accepting energy and does not dissipate 
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it ... two qualities any molecule must have to be able to act as an energy 
transmitter.”” Fluorescence in the complex is consistent with the view that the 
induction of electron mobility in the protein is an essential stage in carcinogenesis 
and it follows that an anti-tumour agent may act through the quenching of 
mobility and hence of fluorescence in the system. 

The SCN- ion, quoted by Szent-Gyérgi (1957) as quenching the phosphorescence 
of riboflavine in 10-* M concentration, has been claimed to be a particularly 
potent carcinolytic agent (Tarabuchin, 1933). 6 Mercaptopurine, well known in 
cancer chemotherapy, although having no action on the excitation of rhodamine 
or fluorescein, completely quenches the phosphorescence of riboflavine in a 6-10-5 
M concentration. 

Szent-Gyérgi (1957) suggests that the mercaptopurine molecule, built into 
the nucleic acid, cuts the energy transmission along the columns of purine and 
pyrimidine bases which form the core of the DNA molecule. It is doubtful, however, 
whether DNA could have a similar electronic structure to that which has been 
imagined for a protein and a more satisfactory mechanism follows from the previous 
discussion of carcinogenesis. 

The protective action of the protein part of a nucleoprotein, which has been 
supposed to be lost during carcinogenesis, would be restored if the carcinolytic 
agent were assumed to quench electron mobility through the process of “ lone- 
pair” electron donation to the partly-filled band in the protein. It is again 
essential that a quite precise matching of energy levels exists before electron 
transfer of any kind may take place and this may be the reason why such potenti- 
ally strong nucleophiles as 2.4.dinitrophenol, also quenchers of fluorescence in 
small concentrations, do not act as anti-cancer agents ; it is required of the theory, 
however, that a number of these molecules could be converted into active agents 
by modification of side groupings in the molecule so as to satisfy the matching 
requirement. 

The anti-carcinogenic action of certain purines and nucleic acid (Leiter and 
Shear, 1942) may be the result of a competition for complex formation. The 
interaction of carcinogens with caffeine and tetramethyl] uric acid has been studied 
by Weil-Malherbe (1946, a, 6) and by Booth and Boyland (1953) whe also showed 
that the carcinogenic dibenzacridines and dibenzcarbazoles were dissolved by 
aqueous solutions of sodium deoxyribonucleate. Spectroscopic evidence (Booth, 
Boyland and Orr, 1954) suggests, however, that the carcinogen-purine binding 
is due to weak polarization forces, rather than those of an electrostatic nature 
which have been proposed for the protein complex. A more definite type of inter- 
action with proteins appears certain from the experiments of Miller and Miller 
(1952) ; indeed it may be necessary, to a complete description of their results, 
to consider that the change-transfer complex is also a transition state in a more 
intimate reaction of the carcinogen with the macromolecule. 


SUMMARY 


CARCINOGENESIS is discussed in relation to electron transfer processes in 
carcinogen-protein complexes. The induction of electron mobility in the protein, 
assumed to be an essential prerequisite in the carcinogenic process, may lead to 
a partial breakdown in the hydrogen-bond system which will affect the protective 
action of the protein part of a cellular nucleoprotein ; photon-induced reactions 
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are imagined to be responsible for subsequent changes in the nucleic-acid con- 
figuration which will enable it to transmit an altered code. A possible mechanism 
for chemotherapeutic action is also examined. 


I am grateful to a number of colleagues, particularly Professor Dame Kathleen 
Lonsdale and Professor D. P. Craig, for discussions related to this work ; Professor 
C. A. Coulson has also provided helpful criticism. 

These investigations are supported by the British Empire Cancer Campaign. 
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